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A C R I T I C A L  EVALUATION OF THE USE OF ULTRASONIC ABSORPTION 

FOR DETERMINING HIGH-TEMPERATURE GAS PROPERTIES 

By Warren F .  Ahtye 

Ames Research Center 

SUMMARY 

The usefu lness  of  u l t r a s o n i c  absorp t ion  f o r  determining t h e  va lues  of 
high-temperature  gas p r o p e r t i e s  has  been examined c r i t i c a l l y .  The sources  o f  
u l t r a s o n i c  absorp t ion  considered are: v i s c o s i t y  and thermal conduct iv i ty  
( c l a s s i c a l  abso rp t ion ) ,  thermal r a d i a t i o n ,  and r e l a x a t i o n  effects due t o  d i s ­
s o c i a t i o n ,  i o n i z a t i o n ,  and e l e c t r o n i c  e x c i t a t i o n  by atomic c o l l i s i o n s .  The 
absorp t ion  values  f o r  argon and n i t rogen  were c a l c u l a t e d  i n  an at tempt  t o  
expla in  the  l a rge  d i s p a r i t y  between c l a s s i c a l  values  and those  measured by 
Carnevale i n  a s e r i e s  of  e l e c t r i c  a r c  experiments.  U l t r a son ic  absorp t ion  i n  
oxygen and i n  hydrogen was a l s o  examined. 

The c a l c u l a t i o n s  show t h a t  i t  i s  poss ib l e  t o  measure t h e  t r a n s p o r t  coef­
f i c i e n t s  of argon and hydrogen f o r  two s t a t e s .  The f i r s t  occurs when e i t h e r  
gas is  predominantly i n  t h e  atomic s t a t e .  The second s t a t e  occurs when e i t h e r  
gas i s  mainly comprised of s i n g l e  ions  and e l e c t r o n s .  The t r a n s p o r t  c o e f f i ­
c i e n t s  of  n i t rogen  and oxygen cannot be  measured with any degree of accuracy 
a t  any temperature  because of t h e  masking of t h e  c l a s s i c a l  absorp t ion  by 
r e l a x a t i o n  e f f e c t s .  

The c a l c u l a t i o n s  show t h a t  t h e  u l t r a s o n i c  absorp t ion  a s s o c i a t e d  with 
thermal r a d i a t i o n  i s  so  minute t h a t  t h e  absorp t ion  technique i s  incapable  of  
measuring t o t a l  r a d i a t i v e  i n t e n s i t i e s  of atmospheric gases even a t  temper­
a tu re s  s u f f i c i e n t l y  high t h a t  s i n g l e  i o n i z a t i o n  occurs .  

The d i f f e rences  between t h e  c l a s s i c a l  values  of t h e  u l t r a s o n i c  absorp t ion  
and those  measured by Carnevale can be expla ined  by r e l a x a t i o n  phenomena. For 
example, t he  anomalous absorp t ion  measured i n  argon i s  a t t r i b u t e d  t o  t h e  
f i n i t e  r e a c t i o n  r a t e  f o r  i o n i z a t i o n .  From t h i s  it i s  concluded t h a t  u l t r a ­
s o n i c  absorp t ion  can be used f o r  accu ra t e ly  measuring t h e  predominant i on iza ­
t i o n  r a t e  cons tan t  o f  argon. Ion iza t ion  r e l a x a t i o n  cannot account f o r  t h e  
bulk of  t h e  anomalous absorp t ion  i n  n i t rogen .  I t  i s  shown t h a t  most of t h e  
anomalous absorp t ion  can be a t t r i b u t e d  t o  c o l l i s i o n a l  e x c i t a t i o n  of t h e  bound 
e l ec t rons  i n  n i t rogen  atoms, b u t  only i f  a high c o l l i s i o n a l  e f f i c i e n c y  e x i s t s .  
The reasonableness  of  t h e  r equ i r ed  c o l l i s i o n a l  e f f i c i e n c y  cannot be checked 
a t  t h e  p re sen t  t i m e  as t h e  e x c i t a t i o n  c ros s  s e c t i o n s  have not  been c a l c u l a t e d  
o r  measured d i r e c t l y  . 



INTRODUCTION 


A knowledge of  t r a n s p o r t  p r o p e r t i e s ,  r e a c t i o n  rates, and r a d i a t i v e  prop­
e r t ies  o f  atmospheric gases i s  e s s e n t i a l  f o r  s tudy ing  t h e  h e a t i n g  problem of 
hyperve loc i ty  r e e n t r y  veh ic l e s  a t  h igh  a l t i t u d e s .  There has been an abundance 
of p red ic t ed  va lues  o f  t h e s e  p r o p e r t i e s .  However, i n  c e r t a i n  i n s t a n c e s ,  t h e  
values  are based on t h e o r i e s  which are known t o  be  only crude approximations 
t o  t h e  a c t u a l  phenomena. Unfortunately,  t h e r e  has  been a pauci ty  of exper i ­
mental values  f o r  c e r t a i n  of t h e s e  p r o p e r t i e s  a t  condi t ions  corresponding t o  
those  near  t h e  s t a g n a t i o n  po in t  of  a hyperve loc i ty  v e h i c l e .  For example, 
Maecker's arc plasma technique i s  p r e s e n t l y  t h e  only r e l i a b l e  one f o r  measur­
i n g  thermal conduc t iv i ty  where r a d i a t i v e  p r o p e r t i e s  are n e g l i g i b l e  ( r e f .  1 ) .  
Lin and Kantrowitz 's  shock tube technique is p r e s e n t l y  t h e  only method a v a i l ­
ab le  f o r  measuring d . c .  e l e c t r i c a l  conduct iv i ty  ( r e f .  2 ) .  The outlook f o r  
t h e  measurement o f  v i b r a t i o n a l  r e l a x a t i o n  t imes i s  much b e t t e r .  Various 
techniques have been used t o  measure v i b r a t i o n a l  r e l a x a t i o n  t imes of a number 
of  gases up t o  temperatures  where d i s s o c i a t i o n  coupl ing becomes apprec iab le .  
A l i s t  of  some of  t h e s e  experiments is given i n  r e fe rence  3 .  Dissoc ia t ion  
rates have been determined f o r  a number of gases  a t  condi t ions  where t h e  
degree of d i s s o c i a t i o n  i s  r e l a t i v e l y  small. A summary of  t h e s e  experiments 
i s  given i n  r e fe rence  4 .  However, f e w  measurements of  d i s s o c i a t i o n  rates o r  
d i s s o c i a t i v e  recombination r a t e s  a t  moderate degrees of d i s s o c i a t i o n  have been 
obtained.  A f e w  experiments have been performed t o  measure t h e  i o n i z a t i o n  
r a t e s  behind shock waves where t h e  r a t e s  a r e  r e l a t i v e l y  small ( r e f s .  5 t o  7 ) .  
However, no d i r e c t  measurements of  t h e  i o n i z i n g  recombination r a t e s  have been 
obtained.  The de termina t ion  of  thermal r a d i a t i o n  from high temperature  gases 
i s  extremely important  because r a d i a t i o n  dominates t h e  energy t r a n s f e r  f o r  
hypersonic  veh ic l e s  i n  c e r t a i n  s i t u a t i o n s .  Gross r a d i a t i v e  measurements ( i n  
c o n t r a s t  t o  s p e c t r a l  l i n e  measurements) have been made by AVCO ( r e f .  8) by 
extending t h e  Maecker technique t o  h i g h e r  tempera tures .  

Ul t rasonics  has been used t o  measure many o f  t h e  p r o p e r t i e s  a t  low gas 
temperatures .  For example, t h e  v i s c o s i t y  and thermal conduct iv i ty  of mon­
atomic gases and t h e  v i b r a t i o n a l  r e l a x a t i o n  t imes of  polyatomic gases have 
been measured. The r e s u l t s  of t h e s e  measurements have been reviewed by 
Markham, Beyer, and Lindsay ( r e f .  9) , Richardson ( r e f .  10) , and Herzfeld and 
L i t o v i t z  ( r e f .  1 1 ) .  The experimental  values  o f  u l t r a s o n i c  absorp t ion  due t o  
t r a n s p o r t  c o e f f i c i e n t s  and those  due t o  v i b r a t i o n a l  r e l a x a t i o n  agree q u i t e  
w e l l  with theory .  However, theory  a l s o  p r e d i c t s  u l t r a s o n i c  a t t e n u a t i o n  due 
t o  two add i t iona l  e f f e c t s :  chemical r e a c t i o n s  ( r e f s .  1 2  and 13) , and r ad ia ­
t i v e  hea t  t r a n s f e r  ( r e f s .  14 and 15 ) .  Both effects are e s s e n t i a l l y  absent  i n  
low-temperature atmospheric gases .  

During t h e  last few yea r s ,  Carnevale e t  a l .  used u l t r a s o n i c s  a t  increas­
ing ly  h igher  temperatures  ( r e f .  16 ) .  Thei r  primary o b j e c t i v e  was t o  determine 
experimental ly  t h e  t r a n s p o r t  p r o p e r t i e s  ( i  .e .  , t h e  "sum" of t h e  v i s c o s i t y  p lus  
thermal conduct iv i ty)  of  high-temperature  gases ,  both monatomic and diatomic,  
i n  t h e  range between 3,000° and 15,000° K .  They accomplished t h i s  o b j e c t i v e  
by measuring t h e  a t t e n u a t i o n  of u l t r a s o n i c  pu l ses  i n  t h e  gas ,  then r e l a t i n g  
t h e  a t t e n u a t i o n  t o  t h e  t r a n s p o r t  c o e f f i c i e n t s  by t h e  Stokes-Kirchoff r e l a t i o n  
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( r e f .  9 ) .  The v a l i d i t y  of t h i s  approach f o r  measuring t r a n s p o r t  c o e f f i c i e n t s  
a t  near  room temperature  has  been e s t a b l i s h e d  by many experiments ( r e f .  9 ) .  
Carnevale 's  i n i t i a l  experiments were conducted with argon i n  an oven and a 
shock tube  a t  temperatures from 300° K t o  a maximum of 10,OOOo K ,  where the  
degree of i o n i z a t i o n  is  s t i l l  low ( 2  p e r c e n t ) .  The experimental ly  determined 
a t t enua t ions  ( i . e . ,  t h e  experimental ly  determined v i s c o s i t i e s  and thermal 
conduc t iv i t i e s )  were wi th in  10 pe rcen t  of  t h e  p r e d i c t e d  va lues  over  t h e  e n t i r e  
range of  temperatures .  Subsequent experiments were conducted with n i t rogen  
hea ted  by var ious  types of e l ec t r i c  a r c s  over a temperature  range where com­
p l e t e  d i s s o c i a t i o n  was a t t a i n e d  (9,OOOO K ) ,  followed by p a r t i a l  i o n i z a t i o n  
(12,000° K where t h e  degree of  i o n i z a t i o n  was 24 p e r c e n t ) .  A t  temperatures 
above 7,OOOO K t h e  measured a t t e n u a t i o n s  were roughly f i v e  times as l a r g e  as 
t h e  a t t enua t ions  based on p red ic t ed  values  of  v i s c o s i t y  and thermal conduc­
t i v i t y .  The cause f o r  t h i s  much l a r g e r  a t t enua t ion  had not  been s a t i s f a c t o r i l y  
explained.  

The purpose of t h e  p re sen t  paper  i s  t o  c r i t i c a l l y  e v a l u a t e  u l t r a s o n i c  
absorpt ion f o r  determining high-temperature  gas p r o p e r t i e s .  The f irst  p a r t  
of t h e  paper dea l s  with t h e  " c l a s s i c a l "  absorp t ion  due t o  v i s c o s i t y  and t h e r ­
m a l  conduct iv i ty .  The e x i s t i n g  r e l a t i o n s h i p  between t r a n s p o r t  c o e f f i c i e n t s  
and u l t r a s o n i c  a t t e n u a t i o n  are reexamined f o r  a r e a c t i n g  gas .  This i s  neces­
s a r y  s i n c e  t h e  r e l a t i o n s h i p  w a s  s p e c i f i c a l l y  der ived  f o r  a nonreac t ive  gas 
( r e f .  17) .  The classical  absorp t ion  and d i spe r s ion  f o r  n i t rogen  and argon a r e  
then ca l cu la t ed .  The absorp t ion  components due t o  v i s c o s i t y  and thermal con­
d u c t i v i t y  a r e  compared t o  determine whether an u l t r a s o n i c  experiment can 
simultaneously y i e l d  accu ra t e  values  f o r  both t r a n s p o r t  c o e f f i c i e n t s .  In  t h e  
second p a r t  o f  t h e  paper  an at tempt  i s  made t o  exp la in  t h e  anomalous absorp­
t i o n  found i n  Carnevale 's  experiments.  The approach i s  t o  c a l c u l a t e  t h e  
u l t r a s o n i c  a t t e n u a t i o n  due t o  such phenomena as chemical r e l a x a t i o n  and r ad i ­
a t i v e  hea t  t r a n s f e r .  The c a l c u l a t i o n s  are n e c e s s a r i l y  order-of-magnitude 
c a l c u l a t i o n s ,  because: (1) c e r t a i n  high-temperature  p r o p e r t i e s  a r e  not  known 
t o  a good degree of  accuracy, and ( 2 )  coupl ing e f f e c t s  ( e . g . ,  t h e  e f f e c t  of 
v i b r a t i o n a l  r e l a x a t i o n  on d i s s o c i a t i o n  r e l axa t ion )  a r e  not  included because 
of t h e  complexity of such processes .  Consequently, t h e  t o t a l  u l t r a s o n i c  
absorpt ion i s  assumed t o  be  t h e  sum of t h e  absorp t ions  due t o  t h e  ind iv idua l  
e f f e c t s .  The importance of exp la in ing  t h e  anomalous absorp t ion  should be 
emphasized, f o r  i f  t h e  absorp t ion  can be a t t r i b u t e d  t o  a s i n g l e  phenomenon 
( e .g . ,  chemical r e l a x a t i o n ) ,  i t  may be p o s s i b l e  t o  use an u l t r a s o n i c  exper i ­
ment t o  determine a high-temperature  gas proper ty  ( e . g . ,  chemical r e a c t i o n  
r a t e s )  o t h e r  than  t h e  t r a n s p o r t  c o e f f i c i e n t s .  This  approach appears t o  be 
f e a s i b l e  s i n c e  t h e  magnitude of t h e  anomalous absorp t ion  is  a t  least  fou r  
times as l a rge  as t h e  classical  absorp t ion .  

SYMBOLS 

a speed of l i g h t  

A argon atom 
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I I I  _.... - . . ..... 
-I 

A+ argon ion 


C speed of  sound 


cO speed of  sound a t  zero frequency 


“p s p e c i f i c  h e a t  p e r  u n i t  mass a t  cons t an t  p re s su re  


CV s p e c i f i c  h e a t  p e r  u n i t  mass a t  cons tan t  volume 


d f o r c i n g  p o t e n t i a l 
-

d ij rate of  deformation t e n s o r  

Di mu1ticomponent d i f f u s i o n  c o e f f i c i e n tj 

DTi thermal d i f f u s i o n  c o e f f i c i e n t  


e e l ec t ron  


E r e a c t i o n  energy 


f u l t r a s  on i  c frequency 


fE f r a c t i o n  of s u f f i c i e n t l y  e n e r g e t i c  c o l l i s i o n s  


F ex te rna l  f o r c e  vec to r  p e r  u n i t  mass
-

g i  degeneracy of  t h e  i t h  quantum s t a t e  

h enthalpy p e r  u n i t  mass, a l s o  normalized r a d i a t i v e  absorp t ion  
c o e f f i c i e n t  

I i o n i z a t i o n  p o t e n t i a l  

Jb black-body func t ion  

J A  s p e c t r a l  emission c o e f f i c i e n t  

0k Boltzmann’s cons tan t ,  a l s o  a c o u s t i c  propagat ion cons t an t ,  -
C 

kd d i s s o c i a t i o n  ra te  c o e f f i c i e n t  

k i  i o n i z a t i o n  ra te  c o e f f i c i e n t  

w 
k 0  acous t i c  propagat ion cons tan t ,  ­

cO 

m mass 

M molecular weight 
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n number dens i ty  


N n i t rogen  atom 


N2 n i t rogen  molecule 


N+ n i t rogen  ion  


P p res su re  


P s t e r i c  f a c t o r  


hea t  f l u x  v e c t o r  

Q r a d i a t i o n  c o e f f i c i e n t  

r p o s i t i o n  vec to r-

R univers  a1 gas cons tan t  

R e  r e a l  p a r t  of a complex q u a n t i t y  

S entropy p e r  u n i t  mass 


S '  r e c i p r o c a l  of  t h e  normalized r a d i a t i o n  c o e f f i c i e n t ,  -Q 


t time 

T temperature 

U mass average v e l o c i t y-

U r e a c t i o n  r a t e  near  equi l ibr ium 

V volume p e r  u n i t  mass 

v volume 
-v s d if fus  ion  v e l o c i t y  

w hea t  of r e a c t i o n  

X p o s i t i o n  v e c t o r-

xi mol f r a c t i o n  of  s p e c i e s  i 


X frequency number 


X ex te rna l  f o r c e 
s 


Y thermo-viscous number 


w 
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2 c o l l i s i o n  frequency 


Z compress ib i l i t y  


a u l t r a s  o n ic abso r p t  ion c o e f f i c i e n t  


8 thermal  expansion c o e f f i c i e n t  


C 

Y r a t i o  of s p e c i f i c  h e a t s ,  	-P 
CV 

6 f i n i t e  increment 

E i n t e r n a l  energy p e r  u n i t  mass 

energy of  t h e  i t h  quantum s t a t e  

v i s c o s i t y  c o e f f i c i e n t  

'IB bulk v i s c o s i t y  

x c o e f f i c i e n t  of thermal conduct iv i ty  

'd c o e f f i c i e n t  of thermal conduct iv i ty  due t o  thermal d i f f u s i o n  

'r c o e f f i c i e n t  of thermal conduct iv i ty  due t o  chemical r e a c t i o n ,  a l s o  
wavelength of e lec t romagnet ic  r a d i a t i o n  

AS 
u l t r a s o n i c  wave length 

A t  c o e f f i c i e n t  of thermal conduct iv i ty  due t o  atomic c o l l i s i o n s  

A t o t a l  t o t a l  c o e f f i c i e n t  o f  thermal conduc t iv i ty  

lJ r a d i a t i v e  absorp t ion  c o e f f i c i e n t  

V v i s c o s i t y  number 

' i j  s t o i c h i o m e t r i c  c o e f f i c i e n t  

Vj 
t h e  sum of t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  f o r  a given r e a c t i o n  

P densit y  

CI r i g i d  sphere  c o l l i s i o n  diameter,  a l s o  Stefan-Boltzmann cons tan t  

r e l a x a t i o n  t ime 

'P'I viscous d i s s i p a t i o n  func t ion  

w u l t r a s o n i c  angular  frequency, 2 1 ~ f  
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R 
(2 ,2>*  

[ I  

av 

c l a s s  

d i s s  

e l a s t  

exc 

i 

ion  

0 

P 

rad  

react 

r e l a x  

S 

t r a n  

V 

v ib  
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x 


r a t i o  of v i s c o s i t y  c ros s  s e c t i o n  t o  ha rd  sphere  c ros s  s e c t i o n  

mol concent rat  ion  

Subsc r ip t s  

average va lue  

classical  va lue  

d i s s o c i a t i o n  

e l a s t i c  c o l l i s i o n  

c o l l i s i o n a l  e x c i t a t i o n  of bound e l e c t r o n s  

i t h  Car tes ian  component, a l s o  i t h  spec ie s  

i o n i z a t i o n  

equi l ibr ium va lue  

cons tan t  p re s su re  process  

thermal r a d i a t i o n  

chemical r e a c t i o n  

r e l a x a t i o n  

cons tan t  entropy p rocess ,  a l s o  p a r t i c l e s  of  type  s 

t r a n s i t i o n  

cons tan t  volume process  

v i b r a t i o n  

v i s  cos i t y  

thermal conduct iv i ty  

C L A S S I C A L  ABSORPTION AND ZERO FREQUENCY S P E E D  OF SOUND 

The value of t h e  u l t r a s o n i c  absorp t ion  due t o  v i s c o s i t y  and thermal con­
d u c t i v i t y  r ep resen t s  t h e  minimum value  of  absorp t ion  f o r  any gas ,  monatomic 
or polyatomic, r e a c t i v e  o r  nonreac t ive .  This  absorp t ion  is  usua l ly  c a l l e d  
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t h e  c lass ical  absorp t ion ,  and i s  a t t a i n e d  i n  t h e  l i m i t  of extremely low f r e ­
quencies where nonequi l ibr ium e f f e c t s  are allowed t o  r e l a x  completely wi th in  
t h e  per iod  of  an u l t r a s o n i c  wave. The va lue  of t h e  corresponding zero f re­
quency speed of  sound r ep resen t s  t h e  minimum speed of  sound f o r  any gas s t a t e .  

The r e l a t i o n s h i p  between t h e  c l a s s i c a l  absorp t ion  c o e f f i c i e n t  and t h e  
t r a n s p o r t  c o e f f i c i e n t s  f o r  a nonreac t ive  monatomic gas i s  given i n  r e fe rence  17 
as 

-
%lass w2 [; 7 + ( Y  - 1)­

2PCO3 

Equation (1) i s  c a l l e d  t h e  Stokes-Kirchoff r e l a t i o n .  For t h i s  case t h e  
s p e c i f i c  h e a t ,  cP' and t h e  r a t i o  of s p e c i f i c  h e a t s ,  y ,  are cons t an t s .  In  
add i t ion  both t h e  v i s c o s i t y ,  rl ,  and t h e  thermal conduc t iv i ty ,  A ,  a r e  i nve r se ly  
propor t iona l  t o  t h e  atom-atom c o l l i s i o n  c ros s  s e c t i o n .  A s  a r e s u l t ,  t h e  r a t i o  
of t he  thermal conduct iv i ty  t o  t h e  v i s c o s i t y  i s  t h e  cons tan t  

( r e f .  18) . Consequently, us ing  measured absorp t ion  c o e f f i c i e n t s  i n  equa­
t i o n s  (1) and ( 2 )  permi ts  t h e  accu ra t e  de te rmina t ion  of t h e  v i s c o s i t y  and 
thermal conduct iv i ty .  Such measurements a l s o  y i e l d  va lues  f o r  t h e  atom-atom 
c o l l i s i o n  c ross  s e c t i o n s  , s i n c e  k i n e t i c  theory  has  e s t a b l i s h e d  an accu ra t e  
r e l a t i o n s h i p  between t h e  c ros s  s e c t i o n s  and t h e  t r a n s p o r t  c o e f f i c i e n t s .  

I t  i s  not  obvious t h a t  equat ion (1) can b e  used f o r  a r e a c t i v e  gas s i n c e  
y and cp a r e  no longer  cons t an t s .  Rather ,  they  are cha rac t e r i zed  by rela­
t i v e l y  l a rge  changes with inc reas ing  temperature  because of  v i b r a t i o n a l  
e x c i t a t i o n ,  e l e c t r o n i c  e x c i t a t i o n ,  d i s s o c i a t i o n ,  and i o n i z a t i o n ,  as shown i n  
f i g u r e s  1 and 2 .  The argon d a t a  a r e  taken from re fe rences  18 and 19 and t h e  
n i t rogen  d a t a  are taken from references  18 and 20 .  A s  a r e s u l t  of t h e s e  
changes, i t  i s  necessary t o  reexamine t h e  assumptions underlying t h e  exact  
equat ions desc r ib ing  t h e  propagat ion of sound. A thorough review of t h e s e  
assumptions f o r  a s i n g l e  component nonreac t ive  gas was given by Hunt i n  r e f ­
erence 17. Hunt s t a t e s  "The motions of a f l u i d  medium t h a t  comprise sound 
waves are governed by equat ions t h a t  i nc lude :  (a)  a con t inu i ty  equat ion 
expressing t h e  conserva t ion  of  mass, (b) a f o r c e  equat ion  express ing  t h e  con­
se rva t ion  of momentum, (c)  a heat-exchange equat ion  express ing  t h e  conserva­
va t ion  of energy, and (d) one o r  more d e f i n i n g  equat ions express ing  t h e  
c o n s t i t u t i v e  r e l a t i o n s  t h a t  c h a r a c t e r i z e  t h e  medium and i t s  response t o  t h e r ­
m a l  o r  mechanical stress." The o v e r a l l  c o n t i n u i t y  equat ion  f o r  a s i n g l e  
component nonreac t ive  gas i s  

where t h e  s u b s c r i p t  i i s  t h e  coord ina te  index.  The equat ion of motion is  
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where d i j  is  t h e  ra te  of deformation t enso r ,  and r l '  is t h e  "second" o r  
d i l a t a t i o n a l  v i s c o s i t y  c o e f f i c i e n t .  (Note t h a t  a repea ted  s u b s c r i p t  denotes 
a summation.) The equat ion of  energy balance is  

where B i s  t h e  c o e f f i c i e n t  of  thermal expansion ( see  eq.  (17 ) ) ,  and cprl is 
t h e  viscous d i s s i p a t i o n  func t ion .  Note t h a t  Hunt has  omit ted t h e  e x t e r n a l  
fo rce  term i n  t h e  energy equat ion .  The h e a t  f l u x  vec to r ,  q i ,  i s  expressed as 
t h e  sum of a conductive component and a r a d i a t i v e  component. These two 
components a r e  expressed by Hunt i n  t h e  form 

The equat ions of change f o r  a chemically r e a c t i v e  multicomponent 
monatomic gas  a r e  given i n  r e fe rence  2 1  (p .  698) .  The mass conservat ion 
equat ion from re fe rence  2 1  i s  i d e n t i c a l  with equat ion ( 3 ) .  The momentum 
conservat ion equat ion from re fe rence  2 1  d i f f e r s  from equat ion  (4)  only i n  t h a t  

t h e  fo rce  term i n  t h e  former i s  a sum over a l l  s p e c i e s ,  lnSmsG. The d i f f e r -
S 

ence is  academic as e x t e r n a l  forces  are not  considered i n  t h e  analyses  given 
he re .  The energy conserva t ion  equat ion from reference  2 1  i s  equiva len t  t o  
equat ion ( S ) ,  with one except ion.  In re ference  2 1 ,  t h e  conductive h e a t  
f l u x  vec to r  i s  def ined  as 

-
where 5 i s  t h e  d i f f u s i o n  v e l o c i t y  v e c t o r  f o r  s p e c i e s  s ,  t h e  q u a n t i t y  

D T  i s  t h e  thermal d i f fus ion  c o e f f i c i e n t ,  and cli i s  a "forcing p o t e n t i a l "
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v e c t o r  def ined as 
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where Xs i s  t h e  e x t e r n a l  f o r c e  a c t i n g  on t h e  s t h  p a r t i c l e .  The f irst  
component of  9 con ta ins  t h e  t r a n s l a t i o n a l  thermal conduc t iv i ty , l  A t ,  and 
is t h e  only component explained by s imple  k i n e t i c  theory  ( r e f .  22) .  This 
component e x i s t s  f o r  a pure  gas and a multicomponent gas .  The second com­
ponent is t h e  hea t  f l u x  due t o  d i f f u s i o n  of en tha lpy  inc luding  chemical 
enthalpy.  The last  component is  t h e  h e a t  f l u x  due t o  thermal d i f f u s i o n .  
Unfortunately,  no s imple phys ica l  p i c t u r e  can desc r ibe  t h i s  mode o f  h e a t  
t r a n s p o r t .  The las t  two components e x i s t  only f o r  a multicomponent gas .  

Brokaw ( r e f .  24) der ived  an express ion  f o r  t h e  r e a c t i v e  component of a 
d i s s o c i a t i n g  gas i n  t h e  form of  equat ion ( 6 ) .  For  an i o n i z i n g  gas both t h e  
r e a c t i v e  and thermal d i f f u s i v e  components must be taken i n t o  account ( r e f .  25) .  
Ahtye ( r e f .  26) de r ived  an expression f o r  t h e s e  two components i n  t h e  form of 
equat ion ( 6 ) .  A s  a r e s u l t ,  t h e  convect ive h e a t  f l u x  vec to r  f o r  d i s s o c i a t i n g  
and i o n i z i n g  gases can be expressed i n  terms o f  an e f f e c t i v e  o r  t o t a l  coef­
f i c i e n t  of thermal conduct iv i ty .  Consequently, i f  one wishes t o  c a l c u l a t e  
t h e  c lass ical  absorp t ion  by us ing  t h e  genera l  approach descr ibed  by Hunt, then  
one must use t h e  t o t a l  thermal conduct iv i ty  r a t h e r  than  j u s t  t h e  t r a n s l a t i o n a l  
component. 

The remaining s t e p  i n  t h i s  reexamination is  t o  determine i f  t h e  con­
s t i t u t i v e  equat ions i n  t h e  c l a s s i c a l  approach a r e  v a l i d  f o r  a r e a c t i v e  gas .  
The approach of r e fe rence  17 s p e c i f i e s  t h e  s t a t e  of t h e  f l u i d  by us ing  t h e  
s p e c i f i c  entropy and t h e  s p e c i f i c  volume, i n  terms of  which t h e  thermodynamic 
p res su re  and temperature ,  and t h e  s p e c i f i c  h e a t s  can b e  def ined  

= - G)s 

cv = ($Iv (14) 

c 
y E-P (15) 

cV 

. . . . . .  . - . ~ ~  .i : . . . . . I . . ..­~. 

I I t  i s  p o s s i b l e  t o  inc lude  t h e  e f f e c t s  o f  v i b r a t i o n a l - t r a n s l a t i o n a l  
energy interchange by inc lud ing  a thermal conduct iv i ty  c o r r e c t i o n  ( r e f .  23).  
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An a d d i t i o n a l  r e l a t i o n s h i p  was used t o  reduce t h e  number of parameters i n  t h e  
absorp t ion  equat ion .  This  r e l a t i o n s h i p  is  

TP2c02 = ( 7  - l ) c p  

where 6, t h e  c o e f f i c i e n t  of  thermal expansion, i s  def ined  as 

= C2lP (17) 

Equations (11) and (12) are forms of  t h e  first l a w  of  thermodynamics, which 
hold  f o r  any system (e .g .  , a r e a c t i v e  gas ) .  Equations (13) and (14) fol low 
from t h e  f i rs t  and second laws of  thermodynamics which ho ld  f o r  any system. 
Equation (16) can b e  v e r i f i e d  f o r  a r e a c t i v e  gas by us ing  t h e  r e l a t i o n s  i n  
re ference  27. Consequently, t h e  thermodynamic p r o p e r t i e s  f o r  a r e a c t i v e  gas ,  
which inc lude  t h e  effect  o f  l a rge  energy changes due t o  chemical r e a c t i o n s ,  
should be  used i n  t h e  c a l c u l a t i o n  of  t h e  classical  absorp t ion .  

Since t h e  conserva t ion  equat ions i n  re ference  17 are v a l i d  f o r  a mul t i ­
component r e a c t i v e  gas ,  then  t h e  d e r i v a t i o n  t h e r e  o f  t h e  expression f o r  t h e  
absorp t ion  c o e f f i c i e n t  i s  a l s o  v a l i d .  The express ion  f o r  t h e  absorp t ion  
c o e f f i c i e n t  i s  obtained by l i n e a r i z i n g  t h e  conservat ion equat ions .  The r e s u l t  
i s  a complicated expression f o r  t h e  complex propagat ion cons tan t ,  ct + i k ,  due 
t o  t h e  combined effects  of  v i scous  s h e a r ,  conduction and r a d i a t i v e  h e a t  t r a n s ­
fer .  In o rde r  t o  ob ta in  an express ion  f o r  t h e  absorp t ion  c o e f f i c i e n t ,  t h e  
t h r e e  effects must be  sepa ra t ed .  Hunt's approach i s  t o  f irst  examine t h e  
combined e f f e c t s  o f  viscous shea r  and conductive h e a t  t r a n s f e r  ( c l a s s i c a l  
abso rp t ion ) ,  then  t o  examine t h e  effect  of r a d i a t i v e  h e a t  t r a n s f e r .  The 
classical absorp t ion  w i l l  b e  d iscussed  i n  t h i s  s e c t i o n .  The absorp t ion  due 
t o  r a d i a t i v e  hea t  t r a n s f e r  w i l l  b e  d iscussed  i n  a subsequent s e c t i o n .  

Hunt expressed t h e  classical  absorp t ion  c o e f f i c i e n t  and t h e  corresponding 
d ispers ion  r e l a t i o n  as a power series expansion i n  terms of a dimensionless 
frequency number, X .  Only t h e  f irst  two terms i n  t h e  expansion are used. 
The absorp t ion  expression i s  

%lass - 1 1 
k0 

- 2 x u  + ( Y  - 1 ) Y l  16 x3[5 + 35(7 - l ) y  

where t h e  frequency number, X ,  i s  def ined  as 

and t h e  thermo-viscous number Y i s  def ined  as 
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where v i s  a v i s c o s i t y  number def ined  as 

where n B  i s  t h e  bulk v i s c o s i t y .  The f irst  term on t h e  r i g h t  s i d e  of  equa­
t i o n  (18) corresponds t o  t h e  Stokes-Kirchoff r e l a t i o n  (eq.  ( 1 ) ) .  I t  i s  
merely t h e  sum o f  t h e  s e p a r a t e  e f f e c t s  of  v i s c o s i t y  and thermal conduc t iv i ty .  
The second t e r m  r e p r e s e n t s  t h e  coupl ing between v i s c o s i t y  and thermal con­
d u c t i v i t y .  The d i s p e r s i o n  r e l a t i o n  i s  

Hunt s t a t e s  t h a t  equat ions (18) and ( 2 2 )  "can be used with confidence f o r  
almost any va lues  of y and Y s o  long as t h e  frequency i s  low enough t o  keep 
X < 0 .1 ,  and f o r  a somewhat wider  range of  X when c e r t a i n  r e s t r i c t i o n s  on 
y and Y are s a t i s f i e d . "  

Equations (18) and (22) w i l l  now b e  used t o  c a l c u l a t e  t h e  c l a s s i c a l  
absorpt ion and corresponding d i spe r s ion  occurr ing  i n  t h e  r e a c t i n g  gas of r e f ­
erence 16. The independent v a r i a b l e s  X and Y correspond t o  a 1 Mc u l t r a ­
son ic  wave propagat ing through r e a c t i v e  n i t rogen ,  o r  argon, a t  a pressure  of 
1 atmosphere and a t  temperatures  varying from 300° t o  12,000° K .  The calcu­
l a t i o n s  a r e  extended t o  20,000° K i n  o rde r  t o  p r e d i c t  t h e  absorpt ion and 
d i spe r s ion  of f u l l y  ion ized  n i t rogen  and argon. The thermodynamic p r o p e r t i e s  
of n i t rogen  are taken from re fe rences  18 and 20 and those  of  argon from 
references  18 and 19. The p e r t i n e n t  p r o p e r t i e s ,  Z ,  cp, and co a r e  shown i n  
f igu res  1, 3 ,  and 4 .  The compress ib i l i t y ,  Z ,  i s  used t o  c a l c u l a t e  t h e  dens i ty  

PM, 

where Mo i s  t h e  molecular weight p e r  mole of  t h e  i n i t i a l  p a r t i c l e  ( i . e . ,  
undissoc ia ted  n i t rogen  molecule o r  n e u t r a l  argon atom). The re ference  speed 
of sound, co,  def ined  as t h e  asymptotic va lue  a t  zero frequency, i s  obta ined  
from the  dimensionless speed-of-sound parameter ,  

co	2 p + (g) (%)p (24) 
D - y  

Note t h a t  t h i s  express ion  d i f f e r s  from t h e  expression 

which i s  v a l i d  only f o r  a nonreac t ive  gas .  
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The t r a n s p o r t  c o e f f i c i e n t s  of  d i s s o c i a t i n g  n i t rogen  are taken from ref­
erence 28. The t r a n s p o r t  c o e f f i c i e n t s  of  i o n i z i n g  n i t rogen  were c a l c u l a t e d  
by us ing  t h e  second-order Chapman-Enskog expressions i n  r e fe rences  25 and 26, 
and t h e  c o l l i s i o n  c ross  s e c t i o n s  i n  r e fe rences  8 and 29. These c o e f f i c i e n t s  
a r e  shown i n  figures 5 and 6 .  The t r a n s p o r t  c o e f f i c i e n t s  o f  i o n i z i n g  argon 
are taken from references  25 and 26, and are a l s o  shown i n  f i g u r e s  5 and 6 .  

The classical  absorp t ion  c o e f f i c i e n t  and zero frequency speed of  sound 
are obtained by applying t h e  thermodynamic p r o p e r t i e s  and t r a n s p o r t  c o e f f i ­
c i e n t s  t o  equat ions (18) ,  (22) ,  and (24) .  I t  may b e  i n s t r u c t i v e  t o  first 
inspec t  t y p i c a l  va lues  of  X and Y t o  determine t h e  v a l i d i t y  of equat ions (18) 
and (22) .  These values  are shown i n  t h e  fol lowing t a b l e :  

Percent  
Gas Temperature, d i s s o c i a t i o n  X Y 

OK o r  i o n i z a t i o n  
~~ 

Nitrogen 293 
5,000 
7,000 
9,500 

15,000 
2 0 , 0 0 0 ~  

Argon 29 3 
5,000 

10,000 
15,000 
20,000 

O d  0.874 
1 . 7  d .897 

45 .3  d .859 
100 d .460 
53 .5  i .867 
96.2 i 17.2 

O i 1 .13  
O i 1 . 1 2  
2 . 1  i 1.02 

58.6 i 2.33 
97.7 i 44.3 

XY 

1 . 0 9 ~ 1 0 - ~  
1.22x 10-2 
1 . 3 3 ~  
7 . 9 3 ~ 1 0 - ~  
7 . 3 0 ~ 1 0 - ~  
1 . 7 4 ~ 1 0 ~ ~  
1 . 2 1 ~ 1 0 - 3  
1.02x 10-2 
1 . 9 6 ~  
1.21x10-2 
6 . 1 7 ~ 1 0 - ~  

Severa l  conclusions can be drawn from t h i s  t a b l e .  The values  of  t h e  frequency 
number, X ,  a r e  considerably l e s s  than  u n i t y .  Consequently, t h e  expansion 
scheme used by Hunt i s  j u s t i f i e d .  The h ighe r  powers of  X and XY are s u f ­
f i c i e n t l y  small t h a t  s e v e r a l  s i m p l i f i c a t i o n s  can be made i n  equat ions (18) 
and (22) .  F i r s t ,  t h e  v i scos i ty -conduc t iv i ty  coupl ing t e r m  (second term of 
eq.  (18)) i n  t h e  absorp t ion  equat ion i s  a t  least  t h r e e  orders  of  magnitude 
smaller than t h e  s e p a r a t e  e f f e c t s  of  v i s c o s i t y  and thermal conduc t iv i ty ,  s o  
t h e  coupl ing term may be  neglec ted .  Second, t h e  d i spe r s ion  effect  due t o  
v i s c o s i t y  and thermal conduc t iv i ty  (second term of eq.  (22)) i s  of  t h e  o rde r  
of Consequently, t h e s e  p a r t i c u l a r  d i spe r s ion  e f f e c t s  may a l s o  be  
neglec ted .  

The next s t e p  i s  t o  compare t h e  absorp t ion  induced by v i s c o s i t y  with 
t h a t  induced by thermal conduc t iv i ty .  Figure 7 shows t h e  r a t i o  of t h e  two 
absorp t ions ,  which can be expressed as 
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Three cases are shown: (1) i o n i z i n g  argon, (2) d i s s o c i a t i n g  n i t rogen ,  and 
(3) i o n i z i n g  n i t r o g e n .  For argon, t h e  r a t i o  aX/a,., is  e s s e n t i a l l y  
cons tan t  a t  temperatures  below 7000' K ( i o n i z a t i o n  l e v e l s  below 0.001).  The 
r a t i o  should be  cons tan t  i n  t h i s  reg ion  because t h e  q u a n t i t i e s  Xtotal/n, cp, 
and y are cons t an t s  due t o  t h e  absence of  e l e c t r o n i c  e x c i t a t i o n  and ion iza ­
t i o n  e f f e c t s .  A s  t h e  i o n i z a t i o n  l e v e l  i n c r e a s e s  beyond 0.001, t h e  r a t i o  drops 
r a p i d l y ,  reaching a minimum of 0.2 a t  an i o n i z a t i o n  l e v e l  of 0 .1 .  This drop 
o f f  can be a t t r i b u t e d  mainly t o  t h e  r a p i d  decrease  o f  y - 1 as e l e c t r o n i c  
e x c i t a t i o n  and i o n i z a t i o n  effects become p e r c e p t i b l e .  A t  i o n i z a t i o n  l e v e l s  
g r e a t e r  than  0 . 5 ,  t h e  r a t i o  aX/a,., ,  climbs ab rup t ly ,  reaching a va lue  of  
approximately 20 a t  t h e  poin t  where t h e  gas i s  completely ion ized .  This 
i nc reas ing  predominance of ax can be a t t r i b u t e d  t o  t h e  sudden drop i n  t h e  
v i s c o s i t y  ( f i g .  6) which i s  caused by t h e  l a r g e  coulombic c ross  s e c t i o n s  f o r  
t h e  ion-ion i n t e r a c t i o n .  

Beyond 12,000° K t h e  temperature  v a r i a t i o n  of  aX/a , ,  f o r  i o n i z i n g  n i t r o ­
gen is similar t o  t h a t  f o r  i o n i z i n g  argon. I n  c o n t r a s t ,  t h e  v a r i a t i o n  of 
ctx/cln f o r  d i s s o c i a t i n g  n i t rogen  below 12,000° K i s  i r r e g u l a r  even at  d i s ­
s o c i a t i o n  l e v e l s  below 0.001. The i n i t i a l  drop i s  caused by t h e  gradual  
e x c i t a t i o n  of  t h e  v i b r a t i o n a l  modes2 of N 2  as t h e  temperature  approaches t h e  
c h a r a c t e r i s t i c  v i b r a t i o n a l  temperature  of  3,380° K .  A t  d i s s o c i a t i o n  l e v e l s  
beyond 0.001 (4,000° K ) ,  t h e  r a t i o  i s  f u r t h e r  complicated by e l e c t r o n  
e x c i t a t i o n  and d i s s o c i a t i v e  e f f e c t s .  

The accuracy with which TI o r  Xtotal  o r  bo th  can be  determined i n  an 
u l t r a s o n i c  experiment i s  d i c t a t e d  by t h e  va lues  of  ah/arl  descr ibed  above. 
For example, i f  both rl and Xtotal  depend only upon a s i n g l e  c o l l i s i o n  c ros s  
s e c t i o n  (as they  do f o r  a monatomic gas a t  temperatures  s u f f i c i e n t l y  low t h a t  
i o n i z a t i o n  effects are not  p r e s e n t ) ,  t hen  TI and Xtota l  can be  measured 
s imultaneously.  Unfortunately,  t h e  phys ica l  s i t u a t i o n  i n  a diatomic gas o r  
any r e a c t i n g  gas i s  much more complex. For example, t h e  t r a n s p o r t  c o e f f i ­
c i e n t s  of a p a r t i a l l y  ion ized  gas are dependent upon s i x  d i f f e r e n t  c o l l i s i o n  
c ross  s e c t i o n s .  Each o f  t h e s e  c ross  s e c t i o n s  i s  weighted d i f f e r e n t l y  i n  t h e  
expressions f o r  t h e  v i s c o s i t y  and t h e  t o t a l  thermal conduct iv i ty .  A s  a r e s u l t ,  
t h e  r a t i o  of  t h e  t o t a l  thermal conduct iv i ty  t o  t h e  v i s c o s i t y  i s  no longer  a 
we l l - e s t ab l i shed  q u a n t i t y  independent of t h e  tempera ture .  However, e i t h e r  
one of t h e  two t r a n s p o r t  c o e f f i c i e n t s  can s t i l l  be  measured with a f a i r  amount 
of accuracy, provided t h e  a t t enua t ions  due t o  t h e  o t h e r  t r a n s p o r t  c o e f f i c i e n t  
(and t o  any r e l a x a t i o n  phenomena) are comparatively small. This  occurs  when 
t h e  r a t i o  aX/ar l  i s  e i t h e r  much less o r  much g r e a t e r  than  u n i t y .  

On t h e  b a s i s  of t h e  previous paragraph w e  can determine which t r a n s p o r t  
c o e f f i c i e n t  can be  obtained from u l t r a s o n i c  absorp t ion  measurement f o r  a given 
temperature reg ion .  Argon w i l l  be examined f i r s t .  From f i g u r e  7 ,  i t  i s  seen  
t h a t  i t  should be p o s s i b l e  t o  accu ra t e ly  measure Ato ta l  and rl simultaneously 
for temperatures up t o  7,000' K because t h e  r a t i o  of t h e  two q u a n t i t i e s  i s  

_ _ _  ~ _ _  _ _  - ­

2The va lues  of  a and co descr ibed  i n  t h i s  s e c t i o n  do no t  inc lude  t h e  
e f f e c t s  of  v i b r a t i o n a l  r e l a x a t i o n .  
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w e l l  e s t a b l i s h e d  by k i n e t i c  theory .  The measurements by Carnevale ( re f .  16) 
at  t h e s e  lower temperatures  are shown i n  f i g u r e  8 ( a ) .  In  t h e  in te rmedia te  
reg ion  between 7,000° and 10,OOOo K a d i r e c t  determinat ion of e i t h e r  X o r  rl 

does not  appear t o  be  p r a c t i c a l  s i n c e  t h e  r a t i o  Xtotal/n i s  not  known with 
t h e  same degree of accuracy, and s i n c e  t h e  r a t i o  aX/ar l  i s  s t i l l  r e l a t i v e l y  
l a r g e .  A t  temperatures from 10,OOOo t o  13,000° K ( 0 . 2  i o n i z a t i o n  l e v e l )  it 
should be p o s s i b l e  t o  measure t h e  v i s c o s i t y  c o e f f i c i e n t  f o r  argon f a i r l y  
accu ra t e ly  because of  t h e  predominance of an. For example, i f  an assumed 
va lue  of X t o t a l  were i n  e r r o r  by 50 pe rcen t ,  t h i s  would induce an e r r o r  of 
10 percent  i n  t h e  measurement o f  n .  I n  t h e  reg ion  of  15,000° K ( 0 . 5  i on iza ­
t i o n  l e v e l )  a g r e a t  amount of  i n t e r e s t  has  been focused on t h e  thermal con­
d u c t i v i t y  due t o  t h e  presence o f  a l a rge  peak ( f i g .  5 ) .  This peak i s  t h e  
r e s u l t  of d i f f u s i o n  of  chemically r e a c t i v e  spec ie s  ( i . e . ,  r e a c t i v e  component 
of t h e  thermal conduc t iv i ty ) .  However, t h e r e  i s  no accompanying sudden r ise  
i n  t h e  r a t i o  aX/ar l  because t h e  peak i n  X t o t a l  is cance l l ed  by t h e  peak i n  
cp (eq.  (26 ) ) .  Not even t h e  v i s c o s i t y  can be  obta ined  i n  t h i s  reg ion  s i n c e  
aA/ar l  is  near  u n i t y .  A t  temperatures  above 20,000° K where a l l  t h e  p a r t i c l e s  
a r e  charged, ax i s  g r e a t e r  than  arl by a t  l e a s t  an o rde r  of magnitude. This 
occurs because of t h e  sha rp  drop i n  t h e  v i s c o s i t y  c o e f f i c i e n t  ( f i g .  6) due t o  
t h e  l a r g e  coulomb c ross  s e c t i o n  f o r  t h e  ion-ion i n t e r a c t i o n .  I t  should the re ­
f o r e  be poss ib l e  t o  measure t h e  thermal conduct iv i ty  of a plasma by t h e  
u l t r a s o n i c  absorp t ion  technique .  

The thermodynamic and t r a n s p o r t  p r o p e r t i e s  of p a r t i a l l y  ion ized  n i t rogen  
and p a r t i a l l y  ion ized  argon have roughly t h e  same temperature  v a r i a t i o n s  
( f i g s .  1 t o  6) , causing very  similar temperature v a r i a t i o n s  of ax /ar l
( f i g .  7 ) .  Consequently, t h e  conclusion s t a t e d  i n  t h e  previous paragraph f o r  
argon measurements should ho ld  f o r  n i t rogen  measurements a t  temperatures  
g r e a t e r  than  10,OOOo K .  A t  temperatures  below 10,OOOo K ,  t h e  temperature  
v a r i a t i o n  of cxx/arl f o r  n i t r o g e n  is  e n t i r e l y  d i f f e r e n t .  The r e g u l a r i t y  found 
i n  argon is  absent ,  and t h e  magnitude of aA/ar l  i s  lower by a f a c t o r  o f  2 
t o  3 throughout most of  t h i s  temperature  range.  A t  temperatures  up t o  
6,OOOO K t h i s  d i f f e r e n c e  can be a t t r i b u t e d  t o  t h e  changes i n  y - 1 due t o  
t h e  a d d i t i o n a l  r o t a t i o n a l  and v i b r a t i o n a l  modes of t h e  molecule.  From an 
examination of t h e  c lass ical  absorp t ion  a lone ,  i t  can be  concluded t h a t  i t  i s  
p o s s i b l e  t o  measure t h e  v i s c o s i t y  of n i t rogen  from room temperatures  up t o  
15,0000 K by the  u l t r a s o n i c  absorp t ion  technique because a h / a r l ,  though 
i r r e g u l a r ,  i s  s o  low. 

O f  course,  t h e  conclusions i n  t h i s  s e c t i o n  are based on t h e  premise t h a t  
o t h e r  sources  of u l t r a s o n i c  absorp t ion  a r e  unimportant.  Consequently, t h e s e  
conclusions w i l l  be  modified a f t e r  o the r  sources  are d iscussed  i n  subsequent 
s e c t i o n s .  

ULTRASONIC ABSORPTION DUE TO THERMAL RADIATION 

The r e s u l t s  of  Carnevale ' s  high-temperature  experiments ( r e f .  16) are 
shown i n  f i g u r e  8 .  These experiments were conducted a t  a p res su re  o f  
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1 atmosphere. Measurements below 5,000° K were obta ined  i n  an oven, whereas 
those  above 5,OOOO K were obtained with va r ious  types of  e l ec t r i c  a r c s .  The 
i n i t i a l  experiments,  conducted with argon a t  temperatures  from 300° t o  
10,OOOo K are shown i n  figure 8(a)  i n  t h e  form of  t h e  v i s c o s i t y  c o e f f i c i e n t  
(eqs .  (1) and ( 2 ) ) .  I t  can be  seen  t h a t  t h e  agreement between t h e  measured 
and c a l c u l a t e d  va lues  of  t h e  v i s c o s i t y  i s  e x c e l l e n t  up t o  7,000° K ,  i n d i c a t i n g  
t h a t  u l t r a s o n i c  absorp t ion  can accu ra t e ly  measure t r a n s p o r t  c o e f f i c i e n t s  of 
nonreac t ive  monatomic gases up t o  extremely h igh  temperatures .  

Addit ional  argon measurements up t o  18,000° K i n  figure 8(b) show con­
s i d e r a b l e  anomalous absorp t ion  ( i .  e . ,  d i f f e r e n c e  between t h e  measured and 
classical  va lues)  above 10,OOOo K where i o n i z a t i o n  effects become important .  
The d i s p a r i t y  is even g r e a t e r  f o r  n i t rogen  ( f i g .  8 ( c ) ) .  A t  7,000' K where 
n i t rogen  i s  50 pe rcen t  d i s s o c i a t e d ,  t h e  anomalous u l t r a s o n i c  absorp t ion  i s  
a l r eady  t h r e e  t o  f o u r  t imes as l a rge  as ac-ass. A t  13,000° K where n i t rogen  
i s  25 percent  ion ized ,  t h e  anomalous absorp t ion  i s  almost an o r d e r  of  mag­
n i t u d e  l a r g e r .  Carnevale e t  a l . ,  i n  t h e i r  d i scuss ion  of  t h e  anomalous 
absorp t ion  c o e f f i c i e n t ,  concluded t h a t  "Mechanisms such as d i s s o c i a t i o n  and 
i o n i z a t i o n  r e a c t i o n s ,  and t h e  e x c i t a t i o n  of  e l e c t r o n i c  s ta tes  appear t o  b e  
frozen out of  t h e  sound wave a t  megahertz f r equenc ie s .  If t h e  above mecha­
nisms a r e  f rozen  out  then  t h e  r a d i a t i v e  h e a t  t r a n s p o r t  would be r e spons ib l e  
f o r  t h e  l a rge  sound absorp t ions  a t  t h e s e  e l e v a t e d  temperatures  . I r  I t  appears 
t h a t  t h e s e  s ta tements  a r e  con jec tu res ,  as no s u b s t a n t i v e  arguments o r  calcu­
l a t i o n s  were inc luded  i n  r e fe rence  16. In  t h e  next  few paragraphs of t h i s  
paper  two d i f f e r e n t  arguments w i l l  be used t o  show why t h e  anomalous u l t r a ­
s o n i c  absorp t ion  f o r  n i t rogen  cannot be a t t r i b u t e d  t o  thermal r a d i a t i o n .  

The f i rs t  approach i s  t o  use es t imated  va lues  of t h e  s p e c t r a l  emission 
c o e f f i c i e n t s  t o  c a l c u l a t e  arad, then compare t h e  sum o f  arad and Cic-ass 
with t h e  measured u l t r a s o n i c  absorp t ion  c o e f f i c i e n t s  of r e fe rence  16. How­
ever ,  t h e r e  are u n c e r t a i n t i e s  i n  t h e  e s t ima ted  s p e c t r a l  emission c o e f f i c i e n t s  
which could a f f e c t  t h e  values  of a rad  by one t o  two o rde r s  of magnitude. 
Consequently, another  approach i s  t o  t a k e  t h e  anomalous u l t r a s o n i c  absorp t ion  
( i . e . ,  d i f f e r e n c e  between t h e  measured and classical  va lues)  t o  c a l c u l a t e  t h e  
corresponding r a d i a t i v e  c o e f f i c i e n t  which i s  a measure of t h e  s p e c t r a l  
emission c o e f f i c i e n t s  averaged over t h e  e n t i r e  spectrum of wavelengths.  This 
r a d i a t i v e  c o e f f i c i e n t  w i l l  then  b e  examined t o  determine whether i t s  
temperature  v a r i a t i o n  i s  reasonable .  

The two approaches r e q u i r e  t h e  use of  t h e  express ion  r e l a t i n g  t h e  u l t r a ­
son ic  absorp t ion  c o e f f i c i e n t ,  arad, t o  r a d i a t i v e  q u a n t i t i e s .  This express ion  
is obtained from t h e  same l i n e a r i z e d  equat ions of motion t h a t  y i e l d  t h e  
expression f o r  t h e  c l a s s i c a l  absorp t ion .  In  t h e  d e r i v a t i o n  of UclaSS the  
r a d i a t i v e  terms were d iscarded  i n  o rde r  t o  e f f e c t  a s o l u t i o n .  In t h e  der iva­
t i o n  of arad t h e  v iscous  and thermal conductive terms a r e  d iscarded .  The 
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r e s u l t i n g  express ion  f o r  t h e  u l t - r a son ic  absorp t ion  induced by r a d i a t i o n 3  i s  
given i n  re ference  17 as 

L J 

and t h e  corresponding d i spe r s ion  r e l a t i o n  i s  given as 

where y i s  t h e  r a t i o  of s p e c i f i c  h e a t s  and k o  i s  t h e  a c o u s t i c  propagat ion 
cons tan t ,  w / c o .  The q u a n t i t y  S '  i s  t h e  r a t i o  

S '  = -w 

Q 

The quan t i ty  Q i s  t h e  c o e f f i c i e n t  of p r o p o r t i o n a l i t y  i n  t h e  expression f o r  
t h e  divergence of  t h e  r a d i a t i v e  hea t  f l u x  v e c t o r  

Hunt c a l l s  t h i s  q u a n t i t y  t h e  " r ad ia t ion  c o e f f i c i e n t  . I '  The r e l a t i o n s h i p  
between t h e  r a d i a t i o n  c o e f f i c i e n t  and t h e  r a d i a t i v e  absorp t ion  c o e f f i c i e n t ,  
p ( X r ) ,  was der ived  by Smith ( r e f .  3 0 ) .  This r e l a t i o n s h i p  i s  given as 

where h i s  t h e  normalized r a d i a t i v e  absorp t ion  c o e f f i c i e n t  

__. - . . . . . . . . . . . .  . _  . . .  ~ 

3From a mathematical viewpoint,  t h e  e f f e c t  of thermal r a d i a t i o n  on 
u l t r a s o n i c  waves can a c t u a l l y  be c l a s s i f i e d  as a r e l a x a t i o n  mechanism. This 
e n t i r e  s e c t i o n  w i l l  b e  devoted t o  a d iscuss ion  of r a d i a t i o n  due t o  i t s  impor­
t ance  i n  high temperature  energy t r a n s f e r .  Other r e l a x a t i o n  mechanisms w i l l  
be  d iscussed  i n  t h e  next  s e c t i o n .  
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and J b .is  t h e  black-body func t ion  p e r  u n i t  wavelength 

where h is  PlanckIs  cons tan t  and a i s  t h e  speed of  l i g h t .  

The f irst  approach i n  determining t h e  importance of  arad i s  t o  u s e  
r e l a t i v e l y  accu ra t e  va lues  of  Q t o  c a l c u l a t e  Qrad,  then  compare t h e  sum o f  
arad and crclass wi th  t h e  measured u l t r a s o n i c  abso rp t ion  of  r e fe rence  16. I t  
i s  d i f f i c u l t  t o  f i n d  r a d i a t i v e  p r o p e r t i e s  of  n i t r o g e n  o r  argon4 i n  a conven­
i e n t  form. Therefore ,  t h e  r a d i a t i v e  emission c o e f f i c i e n t s  of a i r  from ref­
erence 31 w i l l  b e  used i n  t h i s  paper  as a f i rs t  approximation f o r  those  of 
n i t rogen .  Typical  emission c o e f f i c i e n t s  from r e f e r e n c e  31 are shown i n  f i g ­
u r e  9 .  A cursory in spec t ion  of  t h e  s e p a r a t e  r a d i a t i v e  absorp t ion  c o e f f i c i e n t s  
f o r  t h e  var ious  c o n s t i t u e n t s  of a i r  i n d i c a t e  t h a t  p(Xr) f o r  n i t rogen  would 
be  overest imated i n  t h e s e  c a l c u l a t i o n s  by less than  20 percent  f o r  temper­
a t u r e s  above 7,000' K .  A t  temperatures  below 5,000° K t h e  r a d i a t i v e  absorp­
t i o n  c o e f f i c i e n t  f o r  n i t rogen  may b e  overes t imated  i n  t h e s e  ca l cu la t ions  by 
as much as one o r  two o rde r s  of magnitude due t o  t h e  presence o f  t h e  
Schumann-Runge r a d i a t i o n  from molecular oxygen. This  unce r t a in ty  due t o  t h e  
presence of  oxygen is  unimportant s i n c e  "rad is  r e l a t i v e l y  small a t  t h e s e  
lower temperatures .  A t  t h e  h igher  temperatures  Sewel l ' s  mean r a d i a t i v e  
absorp t ion  c o e f f i c i e n t s  appear t o  be lower by f a c t o r s  of  3 t o  8 when they  are 
compared with those  from more exac t  c a l c u l a t i o n s  ( r e f s .  32 t o  35). The 
l a r g e s t  po r t ion  of  t h i s  discrepancy can be  a t t r i b u t e d  t o  t h e  use of i n c o r r e c t  
c ross  s e c t i o n s  i n  t h e  vacuum u l t r a v i o l e t .  Consequently, t h e  values  o f  Q 
based on Sewel l ' s  s p e c t r a l  emission c o e f f i c i e n t s  and equat ion (30) are 
increased  by a f a c t o r  of  10 before  they  a r e  s u b s t i t u t e d  i n t o  equat ion  ( 2 7 ) .  
The r e s u l t i n g  values  of Q are shown i n  figure 10. The quan t i ty  Q i s  
r e l a t i v e l y  cons tan t  between 4,000' and 7,000' K because of t h e  presence of  
t h e  Schumann-Runge band, b u t  i nc reases  q u i t e  r a p i d l y  a t  h ighe r  temperatures .  
The corresponding va lues  of  S '  range from l o 6  a t  6,OOOO K t o  lo2  a t  
20,000° K .  The va lues  of arad f o r  n i t r o g e n ,  based on t h e  r a d i a t i v e  emission 
c o e f f i c i e n t s  of f i g u r e  9 ,  are shown i n  f i g u r e  11. A t  4,000' K ,  arad i s  
smaller than  aclass by f i v e  o rde r s  of magnitude. Even a t  20,000° K ,  arad 
i s  smaller by one o rde r  of magnitude. Consequently, t h e s e  c a l c u l a t i o n s  have 
shown t h a t  thermal r a d i a t i o n  cannot account f o r  t h e  anomalous u l t r a s o n i c  
absorpt ion measured by Carnevale.  

A t  p r e sen t  t h e r e  a r e  many u n c e r t a i n t i e s  a s s o c i a t e d  with t h e  p r e d i c t i o n  
of r a d i a t i v e  q u a n t i t i e s .  Consequently, it would be u s e f u l  t o  analyze t h e  

~~ 

4The e f f e c t  o f  thermal r a d i a t i o n  on u l t r a s o n i c  absorp t ion  i n  argon w i l l  
no t  be ca l cu la t ed .  However, t h e  conclusions based on an examination o f  n i t r o ­
gen r a d i a t i v e  p r o p e r t i e s  should ho ld  f o r  argon as c a l c u l a t i o n s  and measure­
ments i n  re ferences  8 and 31 show t h a t  t h e  magnitude of  t h e  t o t a l  r a d i a t i o n  
from argon should be wi th in  a f a c t o r  of two of  t h a t  from n i t rogen .  
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r o l e  of thermal r a d i a t i o n  without  r e l y i n g  on absolu te  values  of  t h e  r a d i a t i v e  
emission c o e f f i c i e n t s .  An a l t e r n a t e  approach i s  t o  c a l c u l a t e  t h e  r a d i a t i v e  
c o e f f i c i e n t ,  Q, corresponding t o  t h e  anomalous u l t r a s o n i c  absorp t ion  c o e f f i ­
c i e n t .  This r a d i a t i v e  c o e f f i c i e n t  w i l l  then  b e  examined t o  determine whether 
its temperature v a r i a t i o n  i s  reasonable .  Rather than  so lv ing  equat ion (27) 
d i r e c t l y  f o r  S ' ,  it i s  much easier t o  c a l c u l a t e  values  o f  cirad f o r  a range 
of  values  of Q f o r  cons tan t  va lues  of t h e  sound speed and frequency of  t h e  
u l t r a s o n i c  wave ( i . e . ,  cons tan t  temperature and p res su re ) .  The r e s u l t s  of  
t h i s  c a l c u l a t i o n  are shown i n  figure 1 2 .  Two r e p r e s e n t a t i v e  values  of y 
are used. The o r d i n a t e  is  t h e  normalized u l t r a s o n i c  absorp t ion  c o e f f i c i e n t ,  
cirad/ko, where ko, t h e  a c o u s t i c  propagat ion cons tan t ,  is def ined  as 

k, = u/co (33) 

Both ko  and w are assumed t o  be  cons tan ts  i n  t h i s  figure. The a b s c i s s a  S '  
i s  inve r se ly  p ropor t iona l  t o  t h e  r a d i a t i o n  c o e f f i c i e n t ,  Q ( i . e . ,  l a r g e  values  
of S '  correspond t o  low l e v e l s  of thermal r a d i a t i o n ) .  Typical  values  of 
S '  f o r  condi t ions  corresponding t o  those  i n  re ference  16 vary  from 106 t o  102. 
A t  low l e v e l s  of thermal r a d i a t i o n ,  t he  u l t r a s o n i c  absorp t ion  is small i n  t h i s  
region,  as one would expect from an analogy with t h e  u l t r a s o n i c  absorp t ion  
due t o  hea t  conduction. A t  much h ighe r  l e v e l s  of  thermal r a d i a t i o n  (S I  << l ) ,  
t h e  u l t r a s o n i c  absorp t ion  f a l l s  off  r a p i d l y .  This phenomenon can be  explained 
as fo l lows .  A s  t h e  r a d i a t i v e  absorp t ion  c o e f f i c i e n t  i nc reases  beyond a cer ­
t a i n  l e v e l ,  t h e  e f f e c t i v e  t ransmiss ion  of thermal r a d i a t i o n  occurs i n  a d i s ­
tance  which i s  much smaller than an acous t i ca l  wavelength. Consequently, t h e  
energy t r a n s f e r  over  one a c o u s t i c a l  wavelength i s  small. A t  in te rmedia te  
values  of thermal r a d i a t i o n  ( S I  = l) ,  t h e  peak va lue  of cirad/ko and t h e  
corresponding va lue  of S '  can be obtained from equat ion  ( 2 7 ) .  These values  
a r e  

1 3 y  + 1 
'iritical = I ( Y + 3 )  ( 3 5 )  

Note t h a t  t h e  peak va lue  is  independent of t h e  r a d i a t i o n  c o e f f i c i e n t ,  al though 
a s p e c i f i c  va lue  of t h e  r a d i a t i o n  c o e f f i c i e n t  i s  r equ i r ed  t o  reach ciradmax. 

The r e s u l t s  of  t h e  c a l c u l a t i o n s  descr ibed  i n  t h e  last  paragraph w i l l  now 
be used t o  determine t h e  temperature  v a r i a t i o n  o f  t h e  r a d i a t i o n  c o e f f i c i e n t ,  
Q. The f i rs t  s t e p  i s  t o  compare t h e  sum of  ciradmax and ciclass f o r  n i t r o g e n  

with Carnevale 's  measured va lues  ( f i g .  13) .  I t  can be  seen  t h a t  both t h e  
magnitudes and temperature  v a r i a t i o n s  compare q u i t e  w e l l  a t  temperatures  above 
6,000° K .  The comparison a l s o  i n d i c a t e s  t h a t  i f  t h e  p rope r  combination of 
co, w, and Q were t o  e x i s t  then  it would be p o s s i b l e  f o r  thermal r a d i a t i o n  
t o  produce t h e  anomalous u l t r a s o n i c  absorp t ion .  Since t h e  va lue  of  co is  
known a t  each temperature ,  and t h e  u l t r a s o n i c  frequency is  f i x e d  a t  1 Mc, 
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only one va lue  of  t h e  r a d i a t i o n  c o e f f i c i e n t  corresponds t o  "radmax. This 
quan t i ty  w i l l  be  c a l l e d  Qmax,. I t s  temperature  v a r i a t i o n ,  shown i n  f i g ­
u re  14 by a dashed curve,  i s  normalized t o  t h e  va lue  a t  6,OOOO K .  Figure 14 
shows t h a t  Qmax, i s  r e l a t i v e l y  cons tan t  f o r  temperatures  as  high as 
20,000° K .  How does t h i s  va lue  of Q compare with t h e  more r e a l i s t i c  values  
based on c a l c u l a t e d  r a d i a t i v e  absorp t ion  c o e f f i c i e n t s  of  r e fe rence  31? These 
more r e a l i s t i c  va lues  a r e  a l s o  shown i n  f i g u r e  1 4 ,  normalized t o  t h e  va lue  
a t  6 , O O O O  K .  I t  can be  seen  t h a t  t h i s  r a d i a t i o n  c o e f f i c i e n t  based on calcu­
l a t e d  r a d i a t i v e  p r o p e r t i e s  i nc reases  by f o u r  o rde r s  of magnitude6 as t h e  
temperature i n c r e a s e s  from 6,000° t o  20,000° K i n  c o n t r a s t  t o  t h e  almost con­
s t a n t  va lue  of Qmax, which would be r equ i r ed  t o  s a t i s f y  t h e  r a d i a t i o n  
hypothes is .  Consequently, t h e  conclusion i s  reached again t h a t  t h e  r a d i a t i o n  
hypothesis  i s  i n c o r r e c t .  

ULTRASONIC ABSORPTION DUE TO RELAXATION EFFECTS 

The e f f e c t s  of v i s c o s i t y ,  thermal conduc t iv i ty ,  and thermal r a d i a t i o n  on 
u l t r a s o n i c  absorp t ion  have been d iscussed  i n  previous s e c t i o n s .  These e f f e c t s  
cannot account f o r  t h e  l a r g e  absorp t ion  measured by Carnevale i n  n i t rogen  a t  
temperatures above 6,OOOO K ,  and i n  argon a t  temperatures  above 10,0000 K .  
This leaves a v a r i e t y  of causes which can be grouped under t h e  category of  
" r e l axa t ion  phenomena. ' I  These phenomena inc lude  r e l a x a t i o n  caused by popula­
t i o n  of v i b r a t i o n a l  and r o t a t i o n a l  molecular modes, by d i f f u s i o n  of chemical 
spec ie s ,  by chemical r e a c t i o n  r a t e s ,  and by t r a n s i t i o n s  of  e x c i t e d  atomic 
s t a t e s .  Carnevale c a l c u l a t e d  t h e  e f f e c t s  of r o t a t i o n a l  and v i b r a t i o n a l  r e l ax ­
a t i o n  and r e l a x a t i o n  due t o  d i f f u s i o n  of chemical spec ie s  ( r e f .  16) and found 
these  e f f e c t s  t o  be r e l a t i v e l y  small  above 6,0000 K .  A s  f o r  d i s s o c i a t i o n ,  
and i o n i z a t i o n  r e l a x a t i o n ,  he s t a t e d  t h a t  "Mechanisms such as d i s s o c i a t i o n  
and i o n i z a t i o n  r e a c t i o n s  and t h e  e x c i t a t i o n  o f  e l e c t r o n i c  s t a t e s  appear t o  be 
frozen out of t h e  sound wave a t  megahertz f requencies  . I '  

Carnevale 's  c a l c u l a t i o n s  conta in  an incons is tency  i n  t h a t  he included 
t h e  e f f e c t s  o f  d i s s o c i a t i o n  and i o n i z a t i o n  r e l a x a t i o n  i n  c a l c u l a t i n g  t h e  speed 
of sound, bu t  not  i n  c a l c u l a t i n g  t h e  absorp t ion  c o e f f i c i e n t .  Comparison of 
t hese  "frozen" sound speeds with t h e  equi l ibr ium sound speed shows d i f f e rences  
as l a rge  as 25 pe rcen t .  This comparison coupled with t h e  f a c t  t h a t  l a rge  
amounts of r e l a x a t i o n  energ ies  a r e  involved i n d i c a t e s  t h a t  r e l a x a t i o n  absorp­
t i o n  i n  high-temperature  n i t rogen  and argon should be examined more c a r e f u l l y .  

5Although t h e  magnitude of Clradmax i s  independent of Q,  i t s  a t ta inment  
depends upon Q f o r  a given co and w .  

61t was mentioned e a r l i e r  t h a t  Sewel l ' s  r a d i a t i v e  emission c o e f f i c i e n t s  
( r e f .  31) a r e  i n  e r r o r  because he underest imated t h e  vacuum u l t r a v i o l e t  con­
t r i b u t i o n .  The d a t a  of  r e fe rence  36 showing t h e  con t r ibu t ion  of  vacuum u l t r a ­
v i o l e t  r a d i a t i o n  with inc reas ing  temperature  i n d i c a t e  t h a t  t h e  Q i nc rease  
with temperature  should even be l a r g e r  than shown i n  f i g u r e  1 2 ,  poss ib ly  as 
la rge  as f i v e  o r  s i x  o rde r s  of  magnitude as t h e  temperature i s  increased  from 
6,000' t o  20,000° K .  
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When t h e  u l t r a s o n i c  frequency i s  much h ighe r  than  t h e  c h a r a c t e r i s t i c  
r e l axa t ion  frequency, t h e  ques t ion  a r i s e s  as t o  whether i t  i s  v a l i d  t o  assume 
t h a t  t h e  r e l a x a t i o n  absorp t ion  i s  n e g l i g i b l e .  This ques t ion  may be answered 
by comparing t h e  frequency dependence o f  r e l a x a t i o n  absorp t ion  with t h e  fre­
quency dependence of c l a s s i c a l  absorp t ion .  Typical frequency v a r i a t i o n s  of 
t h e  absorp t ion  c o e f f i c i e n t  a, and t h e  absorpt ion c o e f f i c i e n t  p e r  wavelength, 
a h S ,  are shown i n  f i g u r e  15 f o r  c l a s s i c a l  and t y p i c a l  r e l a x a t i o n  absorp t ion  
( r e f .  10). The q u a n t i t y  ac-ass v a r i e s  e s s e n t i a l l y  as f 2 ,  whereas t h e  
quan t i ty  ac l a s sh  varies as f (eq.  (18) ) .  In  c o n t r a s t ,  t h e  q u a n t i t y  a r e l a x  
has a very low va lue  a t  f requencies  below t h e  resonance o r  c h a r a c t e r i s t i c  
frequency of t h e  r e l a x a t i o n  phenomenon.8 In  t h e  v i c i n i t y  o f  t h i s  resonance 
frequency t h e  curve would experience a sudden inc rease ,  f i n a l l y  l e v e l i n g  o f f .  
A t  f requencies  much h ighe r  than  t h e  resonance frequency, a r e l a x  i s  a cons t an t .  
This v a r i a t i o n  i s  a l s o  shown i n  f i g u r e  16 f o r  a l a rge  range of r e l a x a t i o n  
times. The numerical values  a r e  t y p i c a l  o f  those  f o r  v i b r a t i o n a l  r e l a x a t i o n ,  
bu t  t h e  t rends  a r e  t y p i c a l  of any r e l a x a t i o n  phenomenon. In  f i g u r e  15 t h e  
curve of frequency versus  a re laxhs  has t h e  shape of a Gaussian d i s t r i b u t i o n  
curve.  

Unfortunately,  t h e  l i t e r a t u r e  i s  i n c o n s i s t e n t  i n  t h e  use of t h e  word 
"absorpt ion."  Some authors  use  t h i s  term t o  desc r ibe  a, whereas o t h e r s  use  
it t o  descr ibe  a h s .  In  t h e  l a t te r  case t h e  s ta tement  i s  sometimes made t h a t  
t h e  r e l axa t ion  7 'absorpt ion" approaches zero as t h e  frequency inc reases  beyond 
t h e  c h a r a c t e r i s t i c  frequency ( f i g .  1 5 ) .  Apparently, Carnevale used t h i s  as a 
c r i t e r i o n  f o r  neg lec t ing  d i s s o c i a t i v e  and i o n i z a t i o n  r e l a x a t i o n  i n  high-
temperature n i t rogen .  

The d i f f e r e n t  behavior  of  t h e  c l a s s i c a l  and r e l a x a t i o n  absorp t ion  as t h e  
frequency i s  changed r e s u l t s  i n  one absorp t ion  mechanism predominating i n  a 
given frequency range and t h e  o t h e r  predominating i n  another  frequency range.  
I f  t h e  c h a r a c t e r i s t i c  r e l a x a t i o n  t ime were s u f f i c i e n t l y  low and t h e  energy 
f o r  t h a t  mechanism were s u f f i c i e n t l y  h igh ,  t h e  r e l a x a t i o n  absorp t ion  could be 
extremely l a rge  as shown i n  f i g u r e  16. In f a c t ,  experimental  d a t a  ( r e f .  37) 
i n d i c a t e  t h a t  r e l a x a t i o n  absorp t ion  can be as much a s  10 t o  20 t imes l a r g e r  
than c l a s s i c a l  absorp t ion  a t  t h e  resonance frequency. On t h e  o t h e r  hand, t he  
shapes i n  t h e  frequency v a r i a t i o n s  i n  f i g u r e  15 show t h a t  i f  t h e  frequency 
is  s u f f i c i e n t l y  h ighe r  than  t h e  resonance frequency, then  a c l a s s  would be  
much h ighe r  than a r e l a x .  The ques t ion  i s  what c o n s t i t u t e s  "suf f ic iency?"  
Obviously, t h e  c r i t e r i o n  would depend on two parameters .  The f i rs t  i s  t h e  
r a t i o  arelax/aclass a t  t h e  resonance frequency, and the  second i s  t h e  h a l f  
width of t h e  a re l axhs  versus  f curve.  Nei ther  +lass nor  arelax appears 
t o  have a t h e o r e t i c a l  l i m i t .  A s  a r e s u l t ,  t h e r e  are no upper o r  lower bounds 
f o r  t h e  r a t i o  arelax/aclass f o r  a given r e l a x a t i o n  p rocess .  Furthermore, 

-~ 

7The term "absorpt ion c o e f f i c i e n t  p e r  wavelength" is  a misnomer; it 
a c t u a l l y  r e f e r s  t o  t h e  product  of  t h e  absorp t ion  c o e f f i c i e n t  and t h e  u l t r a ­
s o n i c  wavelength. 

*For example , t h e  c h a r a c t e r i s t i c  v i b r a t i o n a l  frequency i s  IT times t h e  
r e c i p r o c a l  o f  t h e  v i b r a t i o n a l  r e l a x a t i o n a l  t ime.  
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t h e r e  is no s imple express ion  f o r  arelax/aclass as a func t ion  of t h e  f re­
quency. This means t h a t  f o r  a given s i t u a t i o n  ( i . e . ,  temperature ,  p re s su re ,  
and u l t r a s o n i c  f requency) ,  t h e  va r ious  arelax must be  c a l c u l a t e d  and com­
pared with aclass t o  determine i f  each arelax i s  n e g l i g i b l e .  

Chemical r e l a x a t i o n  w i l l  b e  examined f i rs t .  This r e l a x a t i o n  occurs  when 
t h e  chemical r e a c t i o n  times are long compared wi th  an u l t r a s o n i c  pe r iod ,  
thereby prevent ing  t h e  a t ta inment  of  chemical equi l ibr ium.  The theory  used 
i n  t h i s  paper  was der ived  by DamkEhler i n  r e fe rence  38 and was chosen because 
of  i t s  g e n e r a l i t y .  For example, i t  accounts f o r  s e v e r a l  simultaneous chemical 
r e a c t i o n s ,  and it  i s  no t  r e s t r i c t e d  t o  t h e  d i s s o c i a t i o n  process .  I t  was a l s o  
chosen because of i t s  convenient form, s i n c e  it d i r e c t l y  r e l a t e s  t h e  r e a c t i o n  
r a t e  c o e f f i c i e n t s  with u l t r a s o n i c  absorp t ion .  

DamkEh 1er ass umes t h a t  t h e  u 1t ras onic- induced compress ion  and expansion 
i n  t h e  gas are, t o  a f i r s t  approximation, i s e n t r o p i c .  The i s e n t r o p e  i s  
represented  by t h e  genera l  p o l y t r o p i c  equat ion  

pvm = constant 

where t h e  i s e n t r o p i c  exponent, m, i s  a func t ion  of 
t h e  u l t r a s o n i c  frequency, and t h e  chemical r e a c t i o n  
nonreac t ive  gas and zero frequency, m i s  i d e n t i c a l  
s p e c i f i c  h e a t s .  From equat ion (36) it fol lows t h a t  

Damk'dhler then  uses  t h e  mass conserva t ion  eaua t ion ,  

(36) 


t h e  chemical composition, 
r a t e .  In  t h e  l i m i t  of  a 
with y ,  t h e  r a t i o  o f  

(37) 

t h e  momentum conservat ion 
equat ion ,  and t h e  energy conservat ion equat ion9 ( f i r s t  l a w  of thermodynamics) . 
A l l  s t a te  v a r i a b l e s  (p,  T ,  V ,  p ,  N) are assumed t o  vary  s i n u s o i d a l l y  about a 
mean va lue  (po, To, Vo, p o ,  N o ) .  For example, t h e  p re s su re  v a r i a t i o n  i s  

where t h e  under l ined  l e t t e r  des igna tes  a complex q u a n t i t y  which takes i n t o  
account t h e  phase angle  between t h e  var ious  q u a n t i t i e s .  Up t o  t h i s  po in t  t h e  
d e r i v a t i o n  i s  s imilar  t o  t h a t  f o r  c l a s s i c a l  abso rp t ion .  Damkzhler's major 
con t r ibu t ion  i s  t h e  r e l a t i o n  between t h e  forward and r eve r se  r e a c t i o n  rates 
and t h e  d i f f e r e n t i a l  changes bp, 6T,  and 6ni. The f i n a l  expression relates 
t h e  r e a c t i o n  ra te  a t  equi l ibr ium wi th  m, t h e  p o l y t r o p i c  exponent, and cp t h e  
phase angle  between t h e  p re s su re  change and t h e  d e n s i t y  change. This expres­
s i o n  f o r  t h e  s p e c i a l  case of  a s i n g l e  chemical r e a c t i o n  (designated by t h e  
s u b s c r i p t  1'111)i s  given i n  t h e  determinant form 

- ­- _ _  

gDamkzhler drops t h e  v i s c o s i t y  term i n  t h e  momentum equat ion and t h e  
thermal conduct iv i ty ,  r a d i a t i o n ,  and d i f f u s i o n  terms i n  t h e  energy equat ion .  

22 



The q u a n t i t i e s  A1, B11, C 1 ,  and 911 are de f ined  as fo l lows:  

W1C = = m -V 1  

- 2nfN 
cp11 - (43) 

where W1 i s  t h e  h e a t  of  r e a c t i o n ,  v j l  t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  
t h e  j t h  molecule, v l  t h e  sum of t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s ,  N t h e  
t o t a l  number of mols, and U ,  t h e  r e a c t i o n  ra te  a t  equi l ibr ium.  Equations (39) 
through (43) show t h a t  both m and are func t ions  of t h e  u l t r a s o n i c  fre­
quency and t h e  r e a c t i o n  ra te .  The r e l a t i o n  between m and Cp on one hand and 
t h e  u l t r a s o n i c  absorp t ion  and d i spe r s ion  due t o  chemical r e l a x a t i o n  on t h e  
o t h e r  hand are 

I-


-
where M i s  t h e  mean molecular  weight of t h e  r e a c t i v e  gas .  The expression 
f o r  t h e  u l t r a s o n i c  abso rp t ion ,  areact, i n  equat ions (39) and (45) i s  very 
complex, i n  comparison t o  t h e  comparable express ion  f o r  v i b r a t i o n a l  r e l a x a t i o n  
( r e f .  9 ) .  

D i s soc ia t ive  r e l a x a t i o n  i n  n i t rogen  w i l l  b e  d iscussed  f i r s t .  The mea­
surement of d i s s o c i a t i o n  rates may be  obta ined  by two d i f f e r e n t  types of 
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experiment.  The f irst  u t i l i z e s  a small p e r t u r b a t i o n  ( e .  g . ,  an u l t r a s o n i c  
wave) t o  form reg ions  s l i g h t l y  out  of equi l ibr ium.  The second u t i l i z e s  a 
l a rge  d is turbance  ( e .g . ,  f l a s h  pho to lys i s  o r  a shock wave) t o  create a 
d i s t i n c t  zone f a r  from equi l ibr ium.  The d i s s o c i a t i o n  rate cons t an t s  from t h e  
two d i f f e r e n t  types o f  experiment may not  n e c e s s a r i l y  be  t h e  same. P r i t c h a r d  
( r e f .  39) discussed  t h e  e f f e c t s  of anharmonicity on t h e  d i s s o c i a t i o n  of  
molecules.  In  p a r t i c u l a r  he  examined t h e  v a r i a t i o n  of N i , i + l ,  t h e  number of  
molecules p e r  second making a t r a n s i t i o n  from a s t a t e  i t o  t h e  neighboring 
s t a t e  i + 1, as i v a r i e s  from t h e  ground v i b r a t i o n a l  s ta te  t o  t h e  continuum. 
P r i t cha rd  observes t h a t  N i , i + l  may have a minimum. From t h i s  behavior ,  h e  
concludes t h a t  f o r  t h e  s p e c i a l  case o f  a d ia tomic  molecule, t h e  forward rate 
c o e f f i c i e n t  measured by t h e  shock wave o r  f l a s h  pho to lys i s  technique i s  lower 
than the  equi l ibr ium forward r a t e  c o e f f i c i e n t  ( i . e . ,  t h e  r a t e  c o e f f i c i e n t  
measured by t h e  u l t r a s o n i c  technique) .  Consequently, i f  an accu ra t e  estima­
t i o n  of Oldiss i s  r equ i r ed ,  then values  of  kd must be  determined by near -
equi l ibr ium techniques .  Unfortunately,  t h e s e  values  a r e  not  a v a i l a b l e .  The 
only a l t e r n a t i v e  i s  t o  use t h e  few a v a i l a b l e  shock tube  measurements of kd. 
The r e s u l t i n g  values  of Oldiss would be lower by an undetermined amount than 
those  obtained i n  an a c t u a l  u l t r a s o n i c  experiment.  

Very few measurements of t h e  n i t rogen  d i s s o c i a t i v e  r a t e  c o e f f i c i e n t s  a r e  
a v a i l a b l e .  Recent measurements were r epor t ed  by Byron ( r e f .  40) f o r  pure 
n i t rogen  and f o r  a series of argon-ni t rogen mixtures .  Allen,  Keck, and Cam 
( r e f .  41) a l s o  made measurements i n  pure  n i t r o g e n .  Byron measured d i s s o c i a ­
t i o n  ra te  c o e f f i c i e n t s  by us ing  i n t e r f e r o m e t r i c  measurements of t h e  change i n  
gas dens i ty  behind shock waves. The ra te  c o e f f i c i e n t s  f o r  N 2  - N2 c o l l i s i o n s  
and N2 - N c o l l i s i o n s  i n  u n i t s  of  cm3/mol/sec are 

= 4.8a017 T -1/2 
kdN,-N, 

where t h e  d i s s o c i a t i o n  energy, Ed/R, has  t h e  va lue  113,200° K .  The magnitude 
of t h e  forward r e a c t i o n  r a t e ,  U 1 ,  i s  r e l a t e d  t o  t h e s e  rate c o e f f i c i e n t s  by 

where [N2] and [ N ]  are mol concent ra t ions  of molecular and atomic n i t rogen .  
For l a rge  degrees of d i s s o c i a t i o n  t h e  second term on t h e  r i g h t  i n  equat ion (48) 
i s  t h e  predominant one and w i l l  determine t h e  peak va lue  of "diss s i n c e  the  
r a t e  constant  f o r  N 2  - N c o l l i s i o n s  i s  an o r d e r  of magnitude l a r g e r  than  t h a t  
f o r  N2 - N2 c o l l i s i o n s  and s i n c e  [N2] [ N 2 ]  << [ N z ]  [N] i n  t h e  temperature  
range of i n t e r e s t .  

Before t h e  ra te  c o e f f i c i e n t s  given i n  equat ions (46) and (47) are used 
t o  c a l c u l a t e  Cldiss, i t  should be determined whether t h e i r  range of v a l i d i t y  
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covers t h e  condi t ions  of Carnevale 's  u l t r a s o n i c  experiments.  These condi t ions  
a r e :  (1) temperatures  ranging from 6,000° t o  10,OOOo K ,  and ( 2 )  t h e  amount 
of d i s s o c i a t i o n  ranging from 10 t o  100 pe rcen t .  Byron s t a t e d  t h a t  "Tempera­
t u r e s  from 6,000° K t o  9,0000 K were covered i n  t h e  experiments." This i s  
t h e  range of  v a l i d i t y  f o r  t h e  A - N 2  forward r a t e  and, t o  a l e s s e r  degree,  
t h e  range of v a l i d i t y  f o r  t h e  N 2  - N, forward r a t e  c o e f f i c i e n t s .  However, 
t h i s  does not  mean t h a t  t h e  N 2  - N forward r a t e  c o e f f i c i e n t s  i n  equat ion (47) 
are v a l i d  throughout t h i s  temperature  range.  The major po r t ion  of t h e  d a t a  
which was used t o  i n f e r  t h e  N 2  - N r a t e  c o e f f i c i e n t s  came from t h e  runs 
us ing  pure n i t rogen .  In  t h e s e  runs t h e  maximum amount of  d i s s o c i a t i o n  was only 
i n  t h e  neighborhood o f  5 pe rcen t .  This small amount of d i s s o c i a t i o n  r e s u l t s  
i n  s e v e r a l  disadvantages.  F i r s t ,  t h e  e f f e c t s  of N2  - N c o l l i s i o n s  on t h e  
d i s s o c i a t i o n  r a t e  would be ,  a t  most, t h e  same o r d e r  of magnitude as t h e  
e f f e c t s  of  N 2  - N 2  c o l l i s i o n s .  Since Byron's d a t a  determine t h e  sum of  t h e  
two e f f e c t s ,  an accu ra t e  s e p a r a t i o n  of t h e  k term i s  exceedingly d i f ­

d ~ 2 - ~  
f i c u l t .  Second, t h e  e f f e c t s  of N 2  - N c o l l i s i o n s  are only evident  when 
equi l ibr ium condi t ions  a r e  approached ( i .  e . ,  f o r  temperatures  s l i g h t l y  g r e a t e r  
than t h e  equi l ibr ium temperature .  Calcu la t ions  show t h a t  t hese  equi l ibr ium 
temperatures are no h ighe r  than  54000 K .  Because of t h e s e  disadvantages,  t h e  
magnitude and temperature  v a r i a t i o n  of t h e  N2 - N forward r a t e  c o e f f i c i e n t s  
(eq.  (47)) is  i n  doubt f o r  temperatures h ighe r  than  6,000° K .  

The experiment of Allen,  Keck, and Camm was performed with a d i f f e r e n t  
d i agnos t i c  technique - t h e  monitoring of o p t i c a l  r a d i a t i o n  from t h e  N2(1+)
band system. Dissoc ia t ion  r a t e s  behind shock waves can be s t u d i e d  because of 
t h e  s h o r t  r a d i a t i v e  and v i b r a t i o n a l  r e l a x a t i o n  t imes .  This experiment i s  
s u p e r i o r  t o  Byron's experiments i n  two r e s p e c t s .  F i r s t ,  a combustion d r i v e  
shock tube i s  used i n s t e a d  of a convent ional  cold d r i v e  shock tube.  This 
r e s u l t s  i n  h ighe r  equ i l ib r ium temperatures (6,800° K) and h igher  degrees of 
d i s s o c i a t i o n  (50 p e r c e n t ) .  Second, t h e  measurement of  t h e  N 2  - N r a t e  
c o e f f i c i e n t  i s  e s s e n t i a l l y  independent of t h e  measurement of t h e  N 2  - N 2  
r a t e  c o e f f i c i e n t .  Unfortunately,  t h e  temperature  range of t h e  experiment was 
l imi t ed  so  t h a t  a s i n g l e  va lue  of  t h e  N2 - N r a t e  c o e f f i c i e n t  was obta ined  
( 2 . 8 ~ 1 0 ~cm3/mol/sec a t  6,400° K ) .  The temperature  v a r i a t i o n  could not  be 
determined from t h e  l imi t ed  d a t a .  

For t h e  c a l c u l a t i o n s  of i n  t h i s  paper ,  it was decided t o  use  
Byron's expression f o r  t h e  N2 - N 2  r a t e  c o e f f i c i e n t  (eq.  (46 ) ) ,  and t o  
mul t ip ly  Byron's express ion  f o r  t h e  N2 - N ra te  c o e f f i c i e n t  by a f a c t o r  of 
1 .38 s o  t h a t  h i s  va lue  would co inc ide  with A l l e n ' s  va lue  a t  6,400° K .  The 
r e s u l t i n g  values  of  Cldiss a r e  compared i n  f i g u r e  17 with those  f o r  Ciclass 
and Carnevale 's  measured va lues  of t h e  t o t a l  abso rp t ion .  The values of "diss 
peak q u i t e  sha rp ly  a t  SO-percent d i s s o c i a t i o n  (7,500° K) . Some observa t ions  
can be made on t h e  va lues  of  CXdiss i n  t h e  v i c i n i t y  o f  t h i s  peak. F i r s t ,  
t h e  N2 - N c o n t r i b u t i o n  t o  CXdiss i s  15 times t h e  N2 - N 2  con t r ibu t ion .  
This  p o i n t s  ou t  t h e  f a c t  t h a t  i f  a measurement of "diss a t  l a rge  degrees of  
d i s s o c i a t i o n  i s  p o s s i b l e ,  then  it is e s s e n t i a l l y  a measurement. of t h e  N 2  - N 
r a t e  c o e f f i c i e n t s .  Second, t h e  use  of r a t e  cons t an t s  which are surmised t o  
be  lower than  those  e x i s t i n g  i n  Carnevale 's  experiments r e s u l t s  i n  va lues  of  



adiss which are n o t  n e g l i g i b l e .  The peak va lue  of  i s  40 pe rcen t  o f  

"class * 
But t h e s e  va lues  of "diss  are s t i l l  too  low (by a f a c t o r  o f  8) t o  

account f o r  t h e  anomalous absorp t ion  a t  7,500' K .  I t  i s  debatable  whether 
t he  d i f f e rence  between t h e  equi l ibr ium va lues  o f  kd and those  measured by 
shock-wave techniques  can account e n t i r e l y  f o r  t h e  anomalous absorp t ion .  One 
f i n a l  observa t ion  can b e  made. For t h e  sake of  argument, assume t h a t  t h e  
values  of  kd are s u f f i c i e n t l y  l a rge  t h a t  t h e  sum of CldiSS, av ib ,  and 
"class matches Carnevale ' s  experimental  va lues  a t  7,5000 K .  The comparison 
over t h e  e n t i r e  tempera ture  range i s  shown i n  f i g u r e  18. The t h e o r e t i c a l  
values  compare q u i t e  w e l l  f o r  temperatures  up t o  7,500° K .  However, from 
7,500° K t o  10,OOOo K10 t h e  t h e o r e t i c a l  values  decrease  r ap id ly ,  whereas t h e  
experimental  va lues  remain e s s e n t i a l l y  cons t an t .  There may be s e v e r a l  d i f ­
f e r e n t  explana t ions  f o r  t h i s  apparent anomaly. One poss ib l e  explana t ion  is 
t h a t  t h e  a d d i t i o n a l  absorp t ion  i n  t h e  v i c i n i t y  of  10,0000 K i n d i c a t e s  t h e  
presence of extraneous experimental  e f f e c t s  such as l a r g e  temperature  
grad ien ts  i n  t h e  plasma, which are inhe ren t  c h a r a c t e r i s t i c s  of plasma a r c s ,  
o r  t h e  a d d i t i o n a l  absorp t ion  may be a t t r i b u t e d  t o  t h e  l a rge  thermal boundary 
l aye r s  on t h e  faces o f  t h e  u l t r a s o n i c  t r ansduce r  and r ece ive r .  A second pos­
s i b l e  explana t ion  i s  t h a t  t h e  equi l ibr ium va lues  of  kd a r e  not  much l a r g e r  
than t h e  shock wave measured values  a f t e r - a l l ,  and t h a t  a l a rge  p a r t  o f  t h e  
anomalous abso rp t ion  i n  n i t rogen  can be a t t r i b u t e d  t o  another  r e l a x a t i o n  
phenomenon whose effect  remains r e l a t i v e l y  cons tan t  as t h e  temperature 
inc reases .  This r e l a x a t i o n  phenomenon due t o  c o l l i s i o n a l  e x c i t a t i o n  of  bound 
e l ec t rons  w i l l  be  d iscussed  i n  t h e  s e c t i o n  fo l lowing  t h e  d iscuss ion  on 
i o n i z a t i o n  r e l a x a t i o n .  

Ion iza t ion  r e l a x a t i o n  may be an important  f a c t o r  i n  Carnevale 's  expe r i ­
ment a t  temperatures  g r e a t e r  than  10,0000 K f o r  both n i t rogen  and argon. 
Damk'dhler's d e r i v a t i o n  of  t h e  absorp t ion  due t o  r e a c t i v e  r e l a x a t i o n  i s  so 
general  t h a t  it can be app l i ed  t o  t h e  i o n i z a t i o n  case as wel l  as t h e  d i s ­
s o c i a t i v e  case .  Therefore ,  equat ions (36) through (45) can be used d i r e c t l y .  
However, t h e  forward r e a c t i o n  r a t e  i s  now given by 

where [A] ,  [A 
+3 ,  and [e] a r e  mol concent ra t ions  of t h e  atom, ion ,  and e l e c t r o n .  

The i o n i z a t i o n  ra te  cons t an t s  have usua l ly  been c a l c u l a t e d  from measured 
e x c i t a t i o n  o r  i o n i z a t i o n  c ross  s e c t i o n s  ( r e f s .  42 and 4 3 ) .  O f  t hese ,  only 
t h e  ra te  cons tan ts  f o r  argon have been s t u d i e d  experimental ly .  Petschek and 
Byron ( r e f .  5) measured forward r a t e s  behind shock waves by making u s e  of 
(1) the  v i s i b l e  continuum r a d i a t i o n  from t h e  gas , and (2)  t h e  e l e c t r o s t a t i c  
p o t e n t i a l s  i n  t h e  gas due t o  t h e  d i f f u s i o n  of e l e c t r o n s .  They found t h a t  i n  
t h e  f i n a l  s t a g e  of i o n i z a t i o n ,  where t h e  condi t ions  approach those found i n  
an u l t r a s o n i c  p u l s e ,  t h e  electron-atom r a t e  c o e f f i c i e n t  is  accu ra t e .  Petschek 
and Byron a l s o  concluded t h a t  t h e  r e a c t i o n  r a t e  f o r  argon i s  completely 

.. .  . . ~ .. . . .  . . ~  .. . . . . . . . . - . . .. . . __ ... . -
IOBeyond 10,OOOo K t h e r e  i s  another  r ise  i n  t h e  absorp t ion  due t o  ion iza ­

t i o n  r e l axa t ion .  This  phenomenon w i l l  be  d iscussed  i n  t h e  next s e c t i o n .  
However, t h i s  abso rp t ion  should be n e g l i g i b l e  between 7,500° K and 10,OOOo K 
because of t h e  small number dens i ty  o f  e l e c t r o n s .  
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dominated by electron-atom c o l l i s i o n s .  For t h e s e  reasons ,  aion i n  argon can 
b e  ca l cu la t ed  wi th  a f a i r  amount of confidence.  

The i o n i z a t i o n  process  due t o  e lectron-atom c o l l i s i o n s  i s  descr ibed as 
a two-step process  by Petschek and Byron. The f i rs t  s t e p  is  an i n e l a s t i c  
c o l l i s i o n  between a free e l e c t r o n  and a ground s t a t e  argon atom, where t h e  
atom rece ives  s u f f i c i e n t  energy t o  ra ise  one of  i t s  bound e l ec t rons  i n t o  t h e  
f irst  e x c i t e d  s t a t e .  

Quantum mechanical s e l e c t i o n  r u l e s  show t h a t  t h i s  s t a t e  is a metas tab le  s t a t e .  
The l i f e t i m e  of t h i s  metas tab le  s t a t e  i s  much l a r g e r  than  t h e  c o l l i s i o n  t i m e ,  
thereby al lowing a second i n e l a s t i c  c o l l i s i o n  with another  f r e e  e l e c t r o n  which 
produces i o n i z a t i o n  of t h e  bound e l e c t r o n .  

e + A* - A+ + 2e (51) 

The ra te  c o e f f i c i e n t  used by Petschek and Byron i s  based on t h e  i n e l a s t i c  
c ross  s e c t i o n  measurements by Maier-Leibnitz ( r e f .  42) . The expression f o r  
t h e  ra te  c o e f f i c i e n t ,  i n  u n i t s  of  cm3/mol/sec, i s  

k. = 2 . 1 6 ~ 1 0 ~P’2 
’A-e 

where t h e  va lue  of 134,000° K was used f o r  t h e  e x c i t a t i o n  energy, Ee/R.  The 
i o n i z a t i o n  process  due t o  ion-atom c o l l i s i o n s  i s  much less e f f e c t i v e  than  t h e  
process due t o  e lectron-atom c o l l i s i o n s .  A q u a l i t a t i v e  comparison of  t h e  
appropr ia te  c ros s  s e c t i o n s  ( r e f s .  44 and 45) and v e l o c i t i e s  i n d i c a t e s  t h a t  t h e  
r a t i o  of t h e  ion-atom ra te  cons tan t  t o  t h e  electron-atom r a t e  cons tan t  i s  
extremely small. Since t h e  product [A] [A+]  i s  equal  t o  t h e  product [A][e] i n  
equat ion (49) ,  t h e  r a t i o  of t h e  second term t o  t h e  t h i r d  term on t h e  RHS of 
equation (49) i s  a l s o  extremely small .  A s  a r e s u l t ,  t h e  ion-atom e f f e c t s  can 
be neglec ted .  The atom-atom term i n  equat ion (49) becomes dominant only a t  
i o n i z a t i o n  l e v e l s  below But a t  t h e s e  l e v e l s  aion is  n e g l i g i b l e .  
However, t h e  atom-atom ra te  cons tan t  deserves  mention f o r  two reasons.  F i r s t ,  
t h e  mechanism descr ibed  by Harwell and Jahn ( r e f .  46) i s  assumed t o  be  similar 
t o  t h e  two-step mechanism descr ibed  f o r  t h e  electron-atom i o n i z a t i o n  process .  
The only d i f f e r e n c e  is t h a t  t h e  f r e e  e l e c t r o n  i s  rep laced  by a ground s t a t e  
atom. Second, H a r w e l l  and Jahn v e r i f i e d  t h i s  mechanism i n  an experiment des­
c r ibed  i n  reference 47. They showed t h a t  t h e  e x c i t a t i o n  s t e p  i s  r a t e  con t ro l ­
l i n g  and t h a t  it has an a c t i v a t i o n  energy approximately equal  t o  t h e  energy 
of t h e  f irst  e x c i t e d  s ta te .  This  experimental  v e r i f i c a t i o n  i s  important i n  
t h a t  it is  an a d d i t i o n a l  (although i n d i r e c t )  v e r i f i c a t i o n  o f  t h e  dominant 
two-step mechanism proposed f o r  t h e  e l e c t r o n  c o l l i s i o n s .  The atom-atom coef­
f i c i e n t  given by Appleton ( r e f .  47) i s  
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A comparison o f  t h e  va lues  from equat ions (52) and (53) shows t h a t  t h e  atom-
e l e c t r o n  ra te  c o e f f i c i e n t  i s  roughly 1000 times g r e a t e r  than  t h e  atom-atom 
ra te  c o e f f i c i e n t  over  t h e  temperature  range where s i n g l e  i o n i z a t i o n  i s  
importan t  . 

These r a t e  c o e f f i c i e n t s  were used t o  c a l c u l a t e  "ion f o r  argon.  The 
r e s u l t s  are presented  as t h e  sum of "ion and aclass i n  f i g u r e  19 a long  with 
Carnevale 's  measured va lues .  The values  o f  aion become p e r c e p t i b l e  a t  
1-percent  i o n i z a t i o n .  The peak va lue  i s  reached nea r  50 pe rcen t  i o n i z a t i o n  
which i s  c h a r a c t e r i s t i c  of r e l a x a t i o n  due t o  incomplete chemical r e a c t i o n s ,  
bu t  does not  drop o f f  as sha rp ly  as t h e  absorp t ion  due t o  d i s s o c i a t i o n .  The 
peak va lue  of  a ion  i s  13 times as l a r g e  as +lass. The c a l c u l a t e d  va lue  
of aion + aclass passes  through t h e  middle of t h e  experimental  p o i n t s .  In  
add i t ion ,  both t h e  c a l c u l a t e d  and measured va lues  show t h e  same i n i t i a l  
i nc rease  i n  absorp t ion  a t  10,OOOo K and show roughly t h e  same rate  of  decrease  
as t h e  temperature  inc reases  from 15,000° t o  20,000° K .  An u n q u a l i f i e d  s t a t e ­
ment t h a t  i o n i z a t i o n  r e l a x a t i o n  can account f o r  t h e  anomalous u l t r a s o n i c  
absorp t ion  i n  argon cannot be made because of  t h e  l a r g e  s c a t t e r  i n  t h e  exper i ­
mental da t a .  If  t h e  e l imina t ion  of  t h e  s c a t t e r  were no t  p o s s i b l e ,  a change i n  
t h e  gas p re s su re  might be  another  means of v e r i f i c a t i o n .  For example, an 
inc rease  of p re s su re  from 1 t o  10 atmospheres should have two e f f e c t s .  The 
f irst  i s  t o  move t h e  absorp t ion  peak from 14,500° t o  17,200° K ,  and t h e  second 
is  t o  inc rease  aion by a f a c t o r  of 5 due t o  an i n c r e a s e  of 5 i n  t h e  e l e c t r o n -
atom r a t e  c o e f f i c i e n t  (eq.  ( 5 2 ) )  which depends only upon tempera ture .  

A c a l c u l a t i o n  of  a ion  i n  n i t r o g e n  cannot be performed with t h e  same 
degree of confidence because t h e  i o n i z a t i o n  ra te  cons tan ts  f o r  n i t r o g e n  have 
not been v e r i f i e d  experimental ly .  Bortner ( r e f .  48) presented  t h e o r e t i c a l  
values  of t h e  atom-atom and atom-electron r a t e  c o e f f i c i e n t s .  He assumed a 
s i n g l e  s t e p  process  f o r  both types of c o l l i s i o n s .  The values  quoted i n  
re ference  48 a r e  

where t h e  i o n i z a t i o n  energy, E i / R ,  has  t h e  va lue  168,750° K .  Note t h a t  t h e  
pre-exponent ia l  f a c t o r  i n  t h e  atom-electron r a t e  cons tan ts  f o r  argon (eq .  (52)) 
and n i t rogen  (eq.  (54)) are roughly t h e  same. The d i f f e r e n c e  i n  t h e  two r a t e  
cons tan ts  i s  i n  t h e  va lues  used f o r  t h e  a c t i v a t i o n  energy ( e x c i t a t i o n  energy 
of 134,013° K f o r  argon, and i o n i z a t i o n  energy of  168,750° K f o r  n i t r o g e n ) .  
This r e s u l t s  i n  a much lower va lue  of aion i n  n i t rogen .  

The rate cons t an t s  i n  equat ions (54) and (55) were used t o  c a l c u l a t e  
aion f o r  n i t rogen .  The r e s u l t s  a r e  presented  as t.he sum of  a ion  and aclass 
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i n  f i g u r e  20. Carnevale 's  measured values  are a l s o  shown. A t  10,OOOo K where 
t h e  degree of i o n i z a t i o n  i s  low, aion i s  n e g l i g i b l e ,  s o  t h a t  t h e  t o t a l  cal­
cu la t ed  absorp t ion  i s  6 times sma l l e r  than  t h e  experimental  va lues .  The peak 
va lue  of aion i s  reached a t  14,500° K and i s  roughly twice t h e  va lue  of 
aclass. Based on t h e  ra te  c o e f f i c i e n t s  i n  equat ions  (46) , (47) , (54) , and (55) 
it appears t h a t  d i s s o c i a t i v e  and i o n i z a t i o n  r e l a x a t i o n  cannot account f o r  t h e  
bulk of t h e  anomalous absorp t ion  i n  n i t rogen .  

The s ta tement  was made e a r l i e r  t h a t  t h e  anomalous u l t r a s o n i c  absorp t ion  
i n  n i t rogen  a l s o  e x i s t e d  when t h e  n i t rogen  p a r t i c l e s  were predominantly i n  
t h e  atomic form. This i n d i c a t e s  t h a t  t h e  anomalous absorp t ion  a t  t h i s  con­
d i t i o n  may be a t t r i b u t e d  t o  t h e  r e l a x a t i o n  phenomenon a s soc ia t ed  with t h e  
e l e c t r o n i c  s t r u c t u r e  o f  t h e  atom. I t  i s  a l s o  p o s s i b l e  t h a t  t h i s  phenomenon 
accounts f o r  t h e  bulk of t h e  anomalous absorp t ion  i n  n i t rogen  over  t h e  e n t i r e  
temperature range above 6000° K ,  s i n c e  a s i z a b l e  f r a c t i o n  of  t h e  p a r t i c l e s  are 
i n  t h e  atomic form ( f i g .  21).  The fol lowing approach w i l l  b e  used t o  determine 
i f  such a r e l a x a t i o n  phenomenon e x i s t s .  F i r s t ,  t h e  anomalous absorp t ion  of 
argon and n i t rogen  w i l l  b e  compared a t  condi t ions  where t h e  gas p a r t i c l e s  are 
predominantly i n  t h e  atomic form. Then an at tempt  w i l l  be  made t o  expla in  t h e  
d i f f e rences  i n  t h e  anomalous absorp t ion  f o r  t h e  two gases  i n  terms of t h e i r  
atomic p r o p e r t i e s .  The last s t e p  i s  t o  make an o r d e r  of magnitude c a l c u l a t i o n  
t o  determine i f  t h e  c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e  f o r  e l e c t r o n i c  e x c i t a t i o n  
( i . e . ,  i n e l a s t i c  c ross  s e c t i o n )  r equ i r ed  f o r  t h e  anomalous absorp t ion  can be 
a t t a i n e d  . 

The comparison w i l l  be  made a t  a temperature  of 10,OOOo K and a p res su re  
of 1 atmosphere, where t h e  equi l ibr ium composition of t h e  two gases i s  shown 
i n  t h e  fol lowing t a b l e :  

n n mo l e c u l e  na t  om ion  - n  e l e c t r o n  

Nitrogen 0 . 0 3 ~ 1 0 ~ ~6 . 9 5 ~ 1 0l 7  0.18x1017 
Argon 0 7 . 0 4 ~ 1 0  0 . 1 5 ~ 1 0 ~ ~  

Note t h a t  t h e  number d e n s i t i e s  of n i t rogen  and argon atoms are approximately 
t h e  same. The r e l a t i v e  lack  of molecules and ions  i n d i c a t e s  t h a t  r e a c t i v e  
r e l a x a t i o n  is  not  a f a c t o r  a t  t h i s  condi t ion .  Figure 8(c)  shows t h a t  t h e  
anomalous absorp t ion  f o r  n i t r o g e n  i s  6 times t h e  classical  va lue ,  whereas 
figure 8(a)  shows very l i t t l e  anomalous absorp t ion  f o r  argon. Consequently, 
i f  t h e  anomalous absorp t ion  i s  a s soc ia t ed  wi th  a p a r t i c u l a r  process  i n  t h e  
n i t rogen  atom, t h e  same process  must occur t o  a much l e s s e r  degree i n  t h e  argon 
argon atom. The next  s t e p  i s  t o  compare c e r t a i n  atomic parameters f o r  n i t r o g e n  
n i t rogen  with those  f o r  argon. These parameters  are t h e  energy l e v e l  of t h e  
f irst  e x c i t e d  s t a t e  ( r e f .  49) E l / k ,  and t h e  parameter  g l  exp[ - (e l /kT)] ,  where 
g l  i s  t h e  s t a t i s t i c a l  weight of  t h e  f i rs t  e x c i t e d  s ta te .  This last  parameter  
i s  p ropor t iona l  t o  t h e  c o l l i s i o n a l  p r o b a b i l i t i e s  of  t h e  s t a t e ,  and t h e  
s p e c i f i c  hea t  a s s o c i a t e d  wi th  t h e  s t a t e  i s  a complex func t ion  of  t h e  two 
parameters (eq.  (58 ) ) .  The va lues  of t h e s e  parameters  are 

29 



El/k,  g1 exP(-&l/kT) 
0K (T = 10,OOOo K) 

Ni t rogen atom 27,656 0.629 
Nitrogen iona 22,031 0.552 
Argon atom 134,420 1 . 1 6 ~ 1 0 - ~  
Argon i o n a  156,391 4 . 8 4 ~10­

- .  

?he parameters  f o r  t h e  n i t r o g e n  and argon 
ions  are inc luded  f o r  u se  i n  a l a t e r  d iscuss ion .  

The comparison of  El/k shows t h a t  t h e  f irst  e x c i t e d  s t a t e  of  t h e  n i t r o g e n  
atom i s  much lower than  t h a t  f o r  t h e  argon atom. The comparison of  values  f o r  
g l  exp(-El/kT) shows t h a t  c o l l i s i o n a l  formation of t h e  f i r s t  exc i t ed  l e v e l  f o r  
n i t rogen  atoms is  much more probable .  Since t h e  atom-atom c o l l i s i o n  c ross  
s e c t i o n s  f o r  argon and n i t r o g e n  are comparable, then  t h e  r e l axa t ion  t i m e  f o r  
t h e  formation of t h e  first e x c i t e d  l e v e l  f o r  n i t r o g e n  atoms should a l s o  be  
lower. S u b s t i t u t i o n  of t h e  va lues  of &l/kT and g l  exp(-El/kT) i n t o  t h e  
expressions f o r  t h e  s p e c i f i c  h e a t  a s soc ia t ed  wi th  t h i s  e x c i t e d  s t a t e  (eq.  (58)) 
a l s o  shows a much l a r g e r  va lue  f o r  n i t rogen .  Since t h e  absorpt ion due to  
r e l a x a t i o n  i s  p ropor t iona l  t o  t h e  s p e c i f i c  h e a t  and inve r se ly  p ropor t iona l  t o  
t h e  r e l a x a t i o n  t i m e  (eq.  ( 5 6 ) ) ,  then  t h e  absorp t ion  a t t r i b u t e d  t o  t h e  f i n i t e  
t i m e  requi red  f o r  t h e  c o l l i s i o n a l  formation of t h e  f irst  exc i t ed  s t a t e  w i l l  b e  
much l a r g e r  i n  n i t r o g e n  than  it w i l l  b e  i n  argon.  This c o n t r a s t  i n  absorp t ion  
i n  t h e  two gases seems t o  agree with t h a t  observed i n  Carnevale 's  experimental  
values  a t  10,OOOo K .  

This suppos i t i on  of  c o l l i s i o n a l  r e l a x a t i o n  i n  n i t rogen  can be p a r t i a l l y  
s u b s t a n t i a t e d  by an o r d e r  of  magnitude c a l c u l a t i o n  t o  determine i f  t h e  char­
ac t e r i s t i c  r e l a x a t i o n  t i m e  can be  r e a l i z e d  p h y s i c a l l y .  The problem can be 
v a s t l y  s i m p l i f i e d  i f  it i s  assumed t h a t  c o l l i s i o n a l  e x c i t a t i o n  occurs only f o r  
one given t r a n s i t i o n  ( i . e . ,  i f  t h e  process  can be def ined  by a s i n g l e  r e l axa ­
t i o n  t ime) .  I t  w i l l  b e  shown i n  t h e  next  paragraph t h a t  t h i s  assumption is  a 
f a i r l y  good one f o r  n i t rogen  atoms. Once t h e  s i n g l e  s t e p  r e l axa t ion  i s  
assumed, t h e  u l t r a s o n i c  absorp t ion  can be r e l a t e d  t o  t h e  s p e c i f i c  h e a t s  and 
r e l a x a t i o n  time by 

The de r iva t ion  of t h i s  equat ion  can be found i n  re ference  50. The speed of  
sound i n  equat ion  (56) can be  obta ined  from 

= (5 7) 
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No experimental  or t h e o r e t i c a l  values  of t h e  e x c i t a t i o n  c ross  s e c t i o n s  
are a v a i l a b l e .  Consequently, t h e  approach i s  t o  assume a range of va lues  of 
T e X C ,  i n  o rde r  t o  determine i f  any of  t h e  r e s u l t i n g  values  f o r  aexc are as 
l a rge  as those  f o r  t h e  anomalous absorp t ion  i n  n i t rogen .  The f irst  s t e p  is  t o  
determine t h e  equi l ibr ium s p e c i f i c  h e a t ,  c,, , and t h e  s p e c i f i c  h e a t  due t o  

"0
e l e c t r o n i c  e x c i t a t i o n ,  cv . I f  a Boltzmann d i s t r i b u t i o n  o f  states i s  assume 

exc
assumed ( r e f .  S l ) ,  t h e  express ion  f o r  t h e  s p e c i f i c  h e a t  i s  

The values  of gi and ~i were obta ined  from re fe rence  49. The t a b l e  below 
shows t h e  effect  of  t e rmina t ing  t h e  sums i n  equat ion (58) a t  d i f f e r e n t  
e l e c t r o n i c  s ta tes .  

C 
Spectroscopic  Energ?, ~i Ei 

V
0 A cV exc-des igna t ion  cm- e,xp - kT R R 

4so 0 1.000 1.SO0 0iFz 2 D O  19,226 .0629 2.400 .goo 
2p3 PO 28,840 .0158 2.661 .261 

12d 2D 1116,625 4 . 6 9 ~ 1 0 ~ ~2.671 .0 10 

The last  column rep resen t s  t h e  d i f f e r e n c e  between ad jacent  s ta tes .  I t  can be  
seen t h a t  t h e  l a r g e s t  po r t ion  o f  t h e  e x c i t a t i o n  s p e c i f i c  h e a t  can be  a t t r i b ­
u ted  t o  t r a n s i t i o n s  between t h e  ground s t a t e  and t h e  first e x c i t e d  s t a t e .  
The a d d i t i o n a l  e x c i t a t i o n  s p e c i f i c  h e a t  due t o  t r a n s i t i o n s  t o  t h e  second 
exc i t ed  s t a t e  i s  small b u t  no t  n e g l i g i b l e .  However, t h e  corresponding r e l ax ­
a t i o n  t i m e ,  which is  i n v e r s e l y  p ropor t iona l  t o  exp(-Ei/kT), w i l l  b e  l a r g e r  
f o r  t h e  second exc i t ed  s t a t e  than  f o r  t h e  first e x c i t e d  s t a t e  as shown i n  t h e  
t a b l e  above. Since aeXC is p ropor t iona l  t o  CveJTe xc a t  s u f f i c i e n t l y  

high f requencies  (eq.  (56 ) ) ,  then  aexc f o r  t h e  second e x c i t e d  s t a t e  i s  an 
o rde r  of magnitude smaller than  t h a t  f o r  t h e  first e x c i t e d  s t a t e . l l  S i m i l a r l y ,  

llThe r e l a x a t i o n  coupl ing between t h e  two e x c i t e d  s ta tes  is assumed 
n e g l i g i b l e .  
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it  can be shown t h a t  " re lax  f o r  t h e  h ighe r  s t a t e s  is  a l s o  n e g l i g i b l e .  
Therefore ,  t he  assumption of a s i n g l e  r e l a x a t i o n  process  between t h e  ground 
and first exc i t ed  s t a t e s  i s  a f a i r l y  good one f o r  an order-of-magnitude 
c a l c u l a t i o n .  

The r e s u l t s  of  t h e  c a l c u l a t i o n  f o r  atomic n i t r o g e n  a t  10,OOOo K as shown 
i n  f igu re  22 has a Gaussian-l ike d i s t r i b u t i o n  which peaks a t  2 . 3 5 ~ 1 0 - ~second. 
The maximum va lue  of  aexc i s  almost f o u r  times as l a rge  as aclass. The sum 
of the  e x c i t a t i o n  absorp t ion  and t h e  c l a s s i c a l  absorp t ion  i s  1.15 c m - l ,  as 
compared t o  Carnevale 's  measured va lue  of 1 .6  cm-l. Consequently, t h e  atom-
atom c o l l i s i o n a l  e x c i t a t i o n  process  can account f o r  a l a rge  p o r t i o n  of t h e  
anomalous absorp t ion ,  provided t h e  c o l l i s i o n a l  e x c i t a t i o n  t imes are wi th in  a 
c e r t a i n  range. The next  s t e p  i s  t o  use  s imple k i n e t i c  theory  t o  determine i f  
t h i s  range of e x c i t a t i o n  times i s  reasonable .  

The e x c i t a t i o n  t ime i s  not  always t h e  b e s t  c r i t e r i o n  as t o  t h e  reasonable­
ness  of a given t r a n s i t i o n  s i n c e  i t  i s  dependent upon t h e  t r a n s i t i o n  energy 
and the  c o l l i s i o n  c ross  s e c t i o n .  These l a s t  two parameters  vary widely from 
one type of c o l l i s i o n  t o  another .  A b e t t e r  c r i t e r i o n  i s  t h e  s t e r i c  f a c t o r ,  P ,  
t h e  f r a c t i o n  of  s u f f i c i e n t l y  e n e r g e t i c  c o l l i s i o n s  t h a t  a c t u a l l y  r e s u l t  i n  a 
t r a n s i t i o n  o r  r e a c t i o n  ( r e f .  52) .  I t  i s  obvious t h a t  i f  t h e  c a l c u l a t e d  s t e r i c  
f a c t o r  i s  g r e a t e r  than u n i t y ,  t h e  corresponding e x c i t a t i o n  t ime would b e  
u n r e a l i s t i c .  The s t e r i c  f a c t o r  i s  r e l a t e d  t o  t h e  e x c i t a t i o n  time by 

where ' t rans  i s  t h e  r a t e  a t  which a s i n g l e  atom undergoes a t r a n s i t i o n  o r  
r eac t ion ,  and z e l a s t  is  t h e  r a t e  of  c o l l i s i o n  of  a s i n g l e  atom with o t h e r  
atoms, based on e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n .  The q u a n t i t y  f, i s  t h e  
f r a c t i o n  of c o l l i s i o n s  i n  which t h e  r e l a t i v e  t r a n s l a t i o n a l  energy along t h e  
l i n e  of cen te r s  exceeds t h e  e x c i t a t i o n  energy. The d e r i v a t i o n  of f, can be 
found i n  r e fe rence  52, and i s  given as 

f, = exp(- y)'exc 

The e x c i t a t i o n  time corresponding t o  t h e  peak va lue  of aexc and t h e  
e l a s t i c  s c a t t e r i n g  c ros s  s e c t i o n  from re fe rence  29 were used t o  c a l c u l a t e  t h e  
s t e r i c  f a c t o r .  The c a l c u l a t i o n s  contained t h e  fol lowing numerical va lues :  
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I­exc 

n 

Zelast 

f	E 

P 

= 2.35XL0-7 sec-l 

= 1.13XL0-15 cm2 

= 7 .34XLOl7 cm-3 

= 5 . 0 ~ ~ 0 ~sec-l 

= 0.0629 

1= 0.133 = 7.4 
The times corresponding t o  zelast and zelast K f, ( i . e . ,  P = 1) are  shown i n  
f i g u r e  2 2 .  Since t h e  s t e r i c  f a c t o r  is  l e s s  than u n i t y ,  t h e  corresponding exci­
t a t i o n  t i m e  can b e  r e a l i z e d  phys ica l ly .  However, t h i s  does no t  p o s i t i v e l y  
i d e n t i f y  c o l l i s i o n a l  e x c i t a t i o n  as t h e  source of anomalous absorp t ion  i n  
n i t rogen ,  s i n c e  measured va lues  of t h e  e x c i t a t i o n  s t e r i c  f a c t o r  f o r  o t h e r  
r eac t ions  range from s l i g h t l y  less than  1 t o  as low as ( r e f s .  44 and 45) .  
I t  would be exceedingly d i f f i c u l t  t o  v e r i f y  d i r e c t l y  t h e  magnitude of t h e  
e x c i t a t i o n  c ross  s e c t i o n  by a quantum-mechanical c a l c u l a t i o n  because of t h e  
complexity of  t h e  s i t u a t i o n .  Equally as d i f f i c u l t  would be  a cross-beam 
experiment because of t h e  extremely small s p e c t r a l  i n t e n s i t y  emi t ted  by t h e  
exc i t ed  atoms. However, it may be p o s s i b l e  t o  v e r i f y  t h e  importance of 
c o l l i s i o n a l  e x c i t a t i o n  by an absorp t ion  measurement i n  some o t h e r  gas ,  where 
the  e f f e c t  of c o l l i s i o n a l  e x c i t a t i o n  i s  much e a s i e r  t o  d e t e c t .  The f e a s i b i l i t y  
of t h i s  measurement w i l l  be  d iscussed  i n  a subsequent s e c t i o n .  

For  t h e  sake of  d i scuss ion ,  assume t h a t  c o l l i s i o n a l  e x c i t a t i o n  of bound 
e l e c t r o n s  i s  t h e  source of anomalous absorpt ion i n  atomic n i t rogen .  Then, i t  
may be of i n t e r e s t  t o  e s t ima te  t h e  temperature v a r i a t i o n  of a e X C  over a range 
of temperatures centered  about 10,0000 K .  The e s t ima te  accounts f o r  t h e  tem­
p e r a t u r e  dependence of t h e  c o l l i s i o n  c ross  s e c t i o n ,  t h e  e x c i t a t i o n  s p e c i f i c  
h e a t ,  and the  energy c u t o f f  f a c t o r ,  f,. The s t e r i c  f a c t o r  of  1/7.4 i s  assumed 
t o  be cons tan t  over  t h e  temperature range. The e f f e c t  o f  decreas ing  number 
dens i ty  of n i t rogen  atoms is  accounted f o r  by mul t ip ly ing  t h e  ca l cu la t ed  va lue  
of  aexc by t h e  mol f r a c t i o n  of atoms i n  t h e  mixture .  The r e s u l t  i s  shown i n  
f i g u r e  23 .  This estimate should give a f a i r l y  good q u a l i t a t i v e  p i c t u r e  a t  
temperatures less than  10,OOOo K .  However, a t  temperatures  i n  excess of  
10,OOOo K ,  t h e  values  of aeXC shown i n  figure 23 are t h e  lower l i m i t ,  s i n c e  
t h e r e  my be two a d d i t i o n a l  sources  of u l t r a s o n i c  absorp t ion  due t o  c o l l i s i o n a l  
e x c i t a t i o n .  One of  t h e s e  stems from t h e  c o l l i s i o n  of a n i t r o g e n  atom i n  t h e  
ground s ta te  with a f ree  e l e c t r o n ,  where t h e  t r a n s i t i o n  i s  t o  b e  first e x c i t e d  
s ta te .  The inc reas ing  importance of  t h i s  p a r t i c u l a r  t r a n s i t i o n  with inc reas ing  
temperature can be  a t t r i b u t e d  t o  t h e  r a p i d  growth i n  t h e  number of f ree  elec­
t r o n s  as shown i n  f i g u r e  2 1 ,  and a l s o  t o  t h e  f a c t  t h a t  free e l e c t r o n s  are more 

33 




e f f i c i e n t  s u p p l i e r s  o f  e x c i t a t i o n  energy ( r e f .  53) . Another sou rce  o f  u l t r a ­
s o n i c  absorp t ion  i s  t h e  c o l l i s i o n a l  e x c i t a t i o n  of t h e  bound e l e c t r o n  i n  t h e  
n i t r o  en ion ,  from t h e  ground s t a t e  (2p2 3P) t o  t h e  f irst  e x c i t e d  s t a t e  
(2p2 fD). I t  i s  p o s s i b l e  t h a t  t h i s  c l a s s  o f  t r a n s i t i o n s  can r e s u l t  i n  as 
l a r g e  a value of  aeXC as t h a t  f o r  t h e  atom-atom c o l l i s i o n .  This i s  i n d i ­
ca t ed  by t h e  t a b l e  on page 30 and t h e  fo l lowing  t a b l e  which compares some of 
t h e  p e r t i n e n t  parameters .  

. . . . .  .~~ 

Trans ition Temperature, llCV 
0K R 

.. - .  . . .  . ~ . .. . - .~ 

Nitrogen atom 
zP3 4s0 + 2P 3 2 ~ 0  10,000 0.900 0.0629 N-N 1 1 . 1 3 ~ 1 0 - ~ ~  

.~ . ~ ~ . . . ~  ~ 
1~~ 

Nitrogen ion  10­
2p2 3P + 2p2 l D  15,000 .217 .2302 N-N+ 1 . 8 2 ~  

e-N+ 5 . 2 ~ 1 0 - l ~  
N+-N+ 5 . 2 x 1 O - l 4  

~. . . .  .. - - ~ .  1 

The t a b l e  shows t h a  t h e  product  of t h e  f i rs t  t h r e e  f a c t o r s  on t h e  r -ght  i n  
equat ion (61) i s  sma l l e r  i n  case  I .  Unfortunately,  numerical values  f o r  t h e  
e x c i t a t i o n  s t e r i c  f a c t o r s  i n  both cases  are not  known, so t h a t  a d i r e c t  com­
pa r i son  of  aeXC f o r  t h e  two cases cannot be made. However, a q u a l i t a t i v e  
comparison of c e r t a i n  parameters such as t h e  s t r e n g t h  o f  t h e  i n t e r a c t i o n  
between c o l l i s i o n  p a r t n e r s  and t h e  d i s t a n c e  of c l o s e s t  approach i n d i c a t e s  t h a t  
some of t h e  e x c i t a t i o n  c o l l i s i o n s  i n  case I1 would have l a r g e r  s t e r i c  f a c t o r s  
than t h e  one i n  case I .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  t h e  magnitude of aexc 
a t  temperatures  g r e a t e r  than  10,OOOo K would not  f a l l  as r a p i d l y  as shown i n  
f i g u r e  23. 

ABSORPTION MEASUREMENTS I N  OTHER GASES 

E a r l i e r ,  t h e  s ta tement  was made t h a t  i t  may be p o s s i b l e  t o  v e r i f y  t h e  
importance of  c o l l i s i o n a l  e x c i t a t i o n  by an absorp t ion  measurement i n  some 
o t h e r  gas .  Nitrogen has  t h e  disadvantage t h a t  it e x i s t s  i n  a predominantly 
atomic form over  an extremely narrow range of  temperatures  ( f i g .  21) .  A s  a 
r e s u l t  a temperature  v a r i a t i o n  of aexc due t o  atom-atom c o l l i s i o n s  cannot 
be accu ra t e ly  determined because of  t h e  r a p i d  dep le t ion  of t h e  atoms, t h e  
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presence of  d i f f e r e n t  c o l l i s i o n  p a r t n e r s ,  and because of  o t h e r  sources  of  
u l t r a s o n i c  absorp t ion  such as v i b r a t i o n a l ,  d i s s o c i a t i v e ,  and i o n i z a t i o n  r e l ax ­
a t i o n .  Consequently, t h e  a l t e r n a t e  gas must have t h e  r e s t r i c t i o n  t h a t  it 
remain predominantly i n  t h e  atomic form over a wider range of temperatures .  
Then apprec iab le  absorp t ion  can a r i s e  from only t h r e e  sources :  (1) v i s c o s i t y  
and thermal conduct iv i ty  ( i  . e . ,  classical  absorp t ion)  due t o  atom-atom c o l l i ­
s i o n s ,  (2) c o l l i s i o n a l  e x c i t a t i o n  o f  bound e l e c t r o n s  by atom-atom c o l l i s i o n s  , 
and (3) thermal r a d i a t i o n  from molecular,  atomic,  and charged p a r t i c l e s .  In 
add i t ion ,  t h e  measured u l t r a s o n i c  absorp t ion  f o r  t h i s  gas must be appreciably 
g r e a t e r  than  aclass over  a l a r g e  p o r t i o n  of t h i s  temperature  range.  Oxygen 
between 6,000° K and 10,OOOo K may s a t i s f y  t h e  q u a l i f i c a t i o n s  descr ibed  above. 
The mol f r a c t i o n  of oxygen-par t ic les  i n  f i g u r e  24 shows t h a t  t h e  atomic form 
predominates i n  t h i s  temperature  range.  The second q u a l i f i c a t i o n  is  r equ i r ed  
i n  o rde r  t o  determine t h e  source of  t h e  anomalous abso rp t ion ,  where t h e  
anomalous absorp t ion  i s  t h e  measured absorp t ion  minus t h e  c l a s s i c a l  absorp­
t i o n .  The c l a s s i c a l  absorp t ion  of atomic oxygen can be p red ic t ed  q u i t e  
accu ra t e ly  s i n c e  i t  depends only upon t h e  s i n g l e  c o l l i s i o n  i n t e g r a l ,  R (2.2) 

0-0 , 
ca lcu la t ed  by Yun and Mason ( r e f .  54 ) .  The anomalous absorp t ion  can then  be 
a t t r i b u t e d  t o  e i t h e r  thermal r a d i a t i o n  o r  c o l l i s i o n a l  e x c i t a t i o n  o r  bo th .  
A c a l c u l a t i o n  shows t h a t  t h e  va lue  o f  Ac

Vexc
/ R  exp(-El/kT) f o r  t h e  f i r s t  

exc i t ed  l e v e l  i n  atomic oxygen can r e s u l t  i n  an aexc which i s  l a r g e r  than  
a c l a s s  by a f a c t o r  of  2 ,  provided a c e r t a i n  range of s t e r i c  f a c t o r s  can be 
r e a l i z e d .  I t  may be  p o s s i b l e  t o  d i s t i n g u i s h  t h e  source  by comparing t h e  tem­
pe ra tu re  v a r i a t i o n  of  t h e  anomalous u l t r a s o n i c  absorp t ion  with those  f o r  
a rad  and c iexC. l2  The d i s t i n c t i o n  i s  poss ib l e  s i n c e  t h e  temperature  v a r i a t i o n s  

. - .  . . - .  . .  . .  . .  . . . . .  . . . .  ~ . . . .  

I2Re la t ive ly  accu ra t e  values  of arad can be  c a l c u l a t e d .  The main con­
t r i b u t i o n  t o  thermal r a d i a t i o n  between 6,000° and 1 0 , O O O o  K comes from atomic 
l i n e  r a d i a t i o n .  The corresponding absorp t ion  c o e f f i c i e n t s  can be obta ined  
from t h e  d a t a  presented  by Wilson and Nicole t  i n  r e fe rence  3 2 .  A t  t h e  lowest 
temperatures t h e  mol f r a c t i o n  of molecular oxygen i s  l e s s  than  3 ~ 1 0 - ~ .How­
eve r ,  t h e  r a d i a t i v e  i n t e n s i t y  of t h e  Schumann-Runge band system i s  s o  l a rge  
t h a t  i t s  e f f e c t  must be inc luded .  The requi red  s p e c t r a l  absorp t ion  c o e f f i ­
c i e n t s  can be found i n  r e fe rences  33 and 34. A t  t h e  h i g h e s t  temperatures  t h e  
mol f r a c t i o n  of  ions  and e l e c t r o n s  are l e s s  than  2 ~ 1 0 - ~ .Again t h e  r a d i a t i v e  
i n t e n s i t y  of a small number of p a r t i c l e s  becomes impor tan t .  In  t h i s  case  
f r e e - f r e e  and free-bound continuum w i l l  c o n t r i b u t e  heav i ly  t o  t h e  t o t a l  r a d i ­
a t i o n .  The s p e c t r a l  absorp t ion  c o e f f i c i e n t s  f o r  t h e  free-bound continuum 
r a d i a t i o n  from O+ can be  obta ined  from t h e  d a t a  p re sen ted  by Hahne i n  r e f e r ­
ence 35, and f o r  t h e  f r e e - f r e e  continuum r a d i a t i o n  from re fe rence  31. The 
c a l c u l a t i o n  of aeXC f o r  t h e  f irst  e x c i t e d  s t a t e  of oxygen can b e  performed 
i n  t h e  same manner as desc r ibed  f o r  n i t rogen .  A l l  b u t  one of t h e  v a r i a b l e s  
i n  equat ion (59) can be  obta ined  with a good degree of  accuracy. The only 
v a r i a b l e  which cannot be  r e a d i l y  ca l cu la t ed  o r  measured is t h e  s t e r i c  f a c t o r ,  
P.  Consequently, t o  o b t a i n  a temperature  v a r i a t i o n  of aexc,  t h e  assumption 
must be  made t h a t  P remains cons tan t  between 6,000° and 10,OOOo K .  This 
assumption does no t  appear t o  be  unreasonable .  

35 

f 



of arad and aexc are e n t i r e l y  d i f f e r e n t .  For example, t h e  r a d i a t i v e  c o e f f i ­
c i e n t ,  Q, changes by s e v e r a l  o rders  of  magnitude as t h e  temperature  inc reases  
from 6,000° t o  10,OOoo K .  I t  i s  p o s s i b l e  f o r  t h e  corresponding "rad t o  
change by s e v e r a l  o rde r s  of  magnitude. I n  c o n t r a s t ,  t h e  product  Acvexc~exc-1 

and t h e  corresponding aexc probably change by less than  one o rde r  of 
magnitude i n  t h e  same temperature  i n t e r v a l .  

Ear ly  i n  t h e  r e p o r t ,  t h e  s ta tement  was made t h a t  i t  may be  p o s s i b l e  t o  
measure t h e  v i s c o s i t y  o r  thermal conduct iv i ty  of  n i t r o g e n  and argon o r  both 
f o r  a l a rge  number of  cond i t ions ,  provided o t h e r  sources  of u l t r a s o n i c  absorp­
t i o n  a r e  unimportant.  The only b a s i s  f o r  t h i s  s ta tement  was an in spec t ion  of 
t h e  r a t i o  aX/a,, .  In  r e t r o s p e c t ,  t h e  s ta tement  has  t o  be  modified because 
absorp t ion  due t o  r e l a x a t i o n  phenomena w i l l  mask t h e  c lass ical  absorp t ion  f o r  
a majori ty  of t hese  cond i t ions .  The cond i t ions ,  p rev ious ly  mentioned, are 
shown i n  t h e  fo l lowing  t a b l e ,  and t h e  masking phenomena are shown i n  t h e  l as t  
column. 

Temperature 
Gas I S t a t e  a t  p = 1 a t m ,  Transport  ~ Masking 

measurement phenomena 
OK 

V i s  cosity , 
A t  omi c <7,000 thermali conduct iv i ty  

None 
~. 

Argon I P a r t i a l l y  ion ized  8,000-20,000 1 Viscos i ty  	 Ioniza t ion  
r e l axa t ion  

I Ful ly  ion ized  None 

Rot a tional  

Molecular <6 ,000 V i s  cosi t y  r e l a x a t i o n 
I ( r e f .  16)
II Dissoc ia ted  6,000-10,000 I Viscos i ty  	 C o l l i s i o n a l  

r e l axa t iona  
Co1l i siona 1

Nitrogen IIrelaxat ionaP a r t  ia1l y  ioni  zed 10,000-20,000 Viscos i ty  
Ion iza t ion  

Ir e l a x a t i o n  
Thermal C o l l i s i o n a lFul ly  ion ized  21,000 conduct iv i ty  r e l axa t iona  

. . . . . . . . . 

aDue t o  e x c i t a t i o n  of bound e l e c t r o n s .  

I t  can be  seen t h a t  an accu ra t e  measurement of t r a n s p o r t  c o e f f i c i e n t s  i n  
n i t rogen  does not  seem p o s s i b l e  a t  any temperature .  In  c o n t r a s t ,  t r a n s p o r t  
c o e f f i c i e n t s  of argon can be  measured i n  two r eg ions .  I n  t h e  f irst  reg ion  
from room temperature  t o  7000° K ,  both t h e  v i s c o s i t y  and thermal conduct iv i ty  
of n e u t r a l  argon can be measured. In  t h e  second reg ion  where t h e  gas i s  
predominantly e l e c t r o n s  and s i n g l e  ions  ( f i g .  2 ) ,  t h e r e  i s  only one o t h e r  
p o s s i b l e  source of r e l a x a t i o n  absorp t ion .  Absorption might be caused by t h e  
c o l l e c t i v e  o s c i l l a t i o n  of free e l ec t rons  about t h e  l e s s  mobile i o n s .  I f  t h e  
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c h a r a c t e r i s t i c  frequency were lower than  t h e  u l t r a s o n i c  frequency, t h e  o s c i l ­
l a t i o n s  would n e c e s s a r i l y  be out  of phase with t h e  u l t r a s o n i c  waves, thereby  
causing some absorp t ion  of  t h e  u l t r a s o n i c  energy. However, t h e  c h a r a c t e r i s t i c  
frequency of  t h i s  e l e c t r o n  o s c i l l a t i o n  i s  t h e  plasma frequency ( r e f .  5 5 ) .  For 
an argon plasma a t  20,000° K and 1 atmosphere p re s su re ,  t h e  plasma frequency 
is  of  t h e  o rde r  of  10 l2  cyc les  p e r  second. This i s  considerably g r e a t e r  than  
an u l t r a s o n i c  frequency of 1 Mc. Consequently, t h i s  r e l axa t ion  absorp t ion  
due t o  c o l l e c t i v e  e l e c t r o n  o s c i l l a t i o n s  should be  n e g l i g i b l e .  The remaining 
sources  a r e  v i s c o s i t y  and thermal conduct iv i ty ,  with ah  t h e  predominant 
mode. The one drawback of  t h i s  p a r t i c u l a r  measurement i s  t h a t  t h e r e  i s  l i t t l e  
p o s s i b i l i t y  of determining t h e  temperature  v a r i a t i o n  of ax due t o  t h e  
presence of r e a c t i v e  absorpt ion a t  s l i g h t l y  lower and h ighe r  temperatures .  

Another gas which may y i e l d  information on t r a n s p o r t  c o e f f i c i e n t s  i s  
hydrogen. The r a t i o  a X / a n  f o r  t h i s  gas i s  shown i n  f i g u r e  25. Meaningful 
measurements can be  obta ined  i n  t h e  same two condi t ions  as descr ibed  f o r  
argon - f i rs t ,  where t h e  gas i s  e s s e n t i a l l y  i n  t h e  atomic form, and second, 
where t h e  gas i s  predominantly e l e c t r o n s  and pro tons .  In t h e  f i r s t  case ,  f o r  
example, t h e  mol f r a c t i o n  of hydrogen atoms a t  a p re s su re  of one atmosphere i s  
g r e a t e r  than 99 pe rcen t  from 5,5000 t o  8,5000 K as  shown i n  f i g u r e  26. Col­
l i s i o n a l  e x c i t a t i o n  i s  not  a f a c t o r  a s  t h e  f i r s t  e x c i t e d  l e v e l  of t h e  hydrogen 
atom i s  so  f a r  above t h e  ground s t a t e  [ (El /k)  = 118,360O K ]  t h a t  t h e  q u a n t i t y  
(El/kT)gl exp(-el/kT) i n  equat ion (64) i s  n e g l i g i b l e .  Consequently, t h e  mea­
sured  u l t r a s o n i c  absorp t ion  can be a t t r i b u t e d  t o  c l a s s i c a l  sources ,  v i s c o s i t y  
and thermal conduc t iv i ty .  This measurement i s  e s s e n t i a l l y  a measurement of  
t he  c o l l i s i o n  c ross  s e c t i o n  f o r  t h e  H-H i n t e r a c t i o n  s i n c e  t h i s  i s  t h e  only 
c ross  s e c t i o n  which determines both t h e  v i s c o s i t y  and thermal conduct iv i ty  
(eqs .  (1) and ( 2 ) ) .  This measi rement i s  of  fundamental importance s i n c e  t h e  
measured c ross  s e c t i o n  can be  compared with t h e  ca l cu la t ed  c ross  s e c t i o n  f o r  
t h e  H-H i n t e r a c t i o n .  This i n t e r a c t i o n ,  i n  t u r n ,  i s  one of t h e  few atom-
atom i n t e r a c t i o n s  which can be accu ra t e ly  ca l cu la t ed  by quantum-mechanical 
methods ( r e f .  56) .  A t  h ighe r  temperatures  where t h e  gas  becomes p a r t i a l l y  
ion ized ,  t he  r a t i o  aA/ar l  f a l l s  r ap id ly  s o  t h a t  t h e  absorp t ion  due t o  v iscos­
i t y  predominates a t  r e l a t i v e l y  high degrees of i o n i z a t i o n  (-50 p e r c e n t ) .  
Consequently, t h e r e  i s  a p o s s i b i l i t y  of measuring t h e  v i s c o s i t y  of a p a r t i a l l y  
ion ized  g a s ,  provided t h e  absorp t ion  due t o  i o n i z a t i o n  r e l a x a t i o n  i s  small .  
This l as t  e f f e c t  cannot be accu ra t e ly  p r e d i c t e d  because t h e  i o n i z a t i o n  r a t e  
cons tan ts  f o r  hydrogen a r e  unavai lab le .  However, t h e  i o n i z a t i o n  c ross  sec­
t i o n s  i n  r e fe rence  44 i n d i c a t e  t h a t  t h e  e f f e c t  may be small, and can be 
minimized by inc reas ing  t h e  u l t r a s o n i c  frequency and decreasing t h e  gas  p re s ­
s u r e .  Meaningful measurements can a l s o  be  made i n  t h e  region where t h e  
major i ty  of t h e  hydrogen atoms are ion ized .  This occurs  a t  temperatures  
above 21,0000 K f o r  a p re s su re  of 1 atmosphere ( f i g .  26) .  In  t h i s  reg ion  
t h e r e  cannot be  any i n t e r n a l  r e l a x a t i o n  phenomenon s i n c e  t h e  protons a r e  
s t r i p p e d  of t h e i r  e l e c t r o n s .  There can be very l i t t l e  i o n i z a t i o n  r e l a x a t i o n  
s i n c e  t h e  mol f r a c t i o n  of hydrogen atoms i s  less than  1 pe rcen t .  The only 
poss ib l e  source of  r e l a x a t i o n  absorp t ion  i s  t h e  o s c i l l a t i o n  of t h e  e l e c t r o n s  
with respec t  t o  t h e  i o n s ,  which should be n e g l i g i b l e .  This leaves t h e  v i s ­
c o s i t y  and thermal conduc t iv i ty  as t h e  only sources  of  u l t r a s o n i c  absorp t ion .  
Since t h e  r a t i o  ax/al? i s  much l a r g e r  than  un i ty ,  i t  i s  p o s s i b l e  t o  measure 
the  thermal conduc t iv i ty  of  f u l l y  ion ized  hydrogen over  a l a r g e  temperature  
range. 
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CONCLUDING REMARKS 

The usefu lness  of u l t r a s o n i c  absorp t ion  f o r  determining t h e  values  of  
high-temperature gas p r o p e r t i e s  has  been eva lua ted  i n  two s t e p s .  F i r s t ,  t h e  
u l t r a s o n i c  absorp t ion  c o e f f i c i e n t s  due t o  var ious  phenomena were c a l c u l a t e d  
over a range o f  cond i t ions .  Second, t h e  magnitudes of  t h e  var ious  absorp t ion  
c o e f f i c i e n t s  were compared t o  determine i f  any one of them predominates,  as 
t h e  predominance o f  t h e  one absorp t ion  c o e f f i c i e n t  is r equ i r ed  f o r  an accu ra t e  
determinat ion of  t h e  corresponding gas p rop- r ty .  The sources  of  u l t r a s o n i c  
absorp t ion  considered are v i s c o s i t y  and thermal conduct iv i ty  ( c l a s s i c a l  absorp­
t i o n ) ,  thermal r a d i a t i o n ,  and r e l a x a t i o n  effects  due t o  molecular v i b r a t i o n ,  
atomic c o l l i s i o n a l  e x c i t a t i o n  of bound e l e c t r o n s ,  d i s s o c i a t i o n ,  and i o n i z a t i o n .  
The range of  condi t ions  used i n  t h e s e  c a l c u l a t i o n s  inc ludes  those found i n  
Carnevale’s experiments wi th  argon and with n i t rogen .  This  range was chosen 
t o  provide an experimental  check of  t h e  c a l c u l a t i o n s  and t o  provide a f u r t h e r  
i n t e r p r e t a t i o n  of experimental  r e s u l t s .  U l t r a son ic  absorp t ion  i n  o t h e r  atmo­
s p h e r i c  c o n s t i t u e n t s  such as oxygen and hydrogen was a l s o  considered.  The 
fol lowing are t h e  r e s u l t s  of t h e  c a l c u l a t i o n s .  

The e x i s t i n g  r e l a t i o n s h i p  between t r a n s p o r t  c o e f f i c i e n t s  and t h e  c l a s s i c a l  
absorp t ion  c o e f f i c i e n t ,  aclass, i s  v a l i d  f o r  a r e a c t i v e  gas provided t h e  
proper  thermodynamic and t r a n s p o r t  p r o p e r t i e s  are used. This r e l a t i o n s h i p  
shows t h a t  i t  is  not  p o s s i b l e  t o  measure t h e  predominant component of t h e  
thermal conduct iv i ty  - t h e  r e a c t i v e  component - due t o  a compensating inc rease  
i n  t h e  r e a c t i v e  component of  t h e  s p e c i f i c  hr?at.  However, it i s  p o s s i b l e  t o  
o b t a i n  t r a n s p o r t  c o e f f i c i e n t s  of  c e r t a i n  gases f o r  two states from u l t r a s o n i c  
absorp t ion  measurements. These measurements can only b e  accomplished f o r  two 
gases ,  argon and hydrogen. The first s t a t e  occurs  when t h e  gas p a r t i c l e s  are 
predominantly i n  t h e  atomic form. The measurement of  a s i n g l e  quan t i ty  - t h e  
classical  absorp t ion  - w i l l  y i e l d  accu ra t e  va lues  of both t h e  v i s c o s i t y  and 
thermal conduct iv i ty .  The measurements i n  t h e  two gases can be made over a 
wide range of  temperatures .  The second s t a t e  occurs  when t h e  gas p a r t i c l e s  
are comprised mainly of e l e c t r o n s  and s i n g l e  ions .  In  t h i s  case  t h e  s imul ta ­
neous determinat ion of t h e  v i s c o s i t y  and thermal conduct iv i ty  i s  no t  f e a s i b l e  
because of t h e  i n c r e a s e  i n  t h e  number of d i f f e r e n t  types of p a r t i c l e  i n t e r ­
a c t i o n s .  However, t h e  thermal conduct iv i ty  o f  an argon plasma can b e  measured 
over a narrow range of temperatures  and t h e  thermal conduct iv i ty  of  a hydrogen 
plasma can be  measured over  a wide range of temperatures .  The measurements 
should provide s u f f i c i e n t  information f o r  v e r i f i c a t i o n  of t h e  expressions f o r  
t h e  t r a n s p o r t  c o e f f i c i e n t s  o f  an ion ized  gas .  The t r a n s p o r t  c o e f f i c i e n t s  of 
n i t rogen  and oxygen cannot b e  measured with any degree of accuracy a t  any 
temperature because aclass i s  masked by r e l a x a t i o n  e f f e c t s .  

Carnevale showed t h a t  h i s  measured u l t r a s o n i c  absorp t ion  c o e f f i c i e n t s  are 
l a r g e r  than “class by almost an o rde r  of magnitude a t  t h e  h igher  temperatures .  
These anomalous values  of  t h e  absorp t ion  c o e f f i c i e n t  appear a t  temperatures as 
low as 6,000° K f o r  n i t rogen  and 10,OOOo K f o r  argon. Carnevale sugges ts  t h a t  
anomalous absorp t ion  i s  caused by t h e  t r a n s f e r  of  s p e c t r a l  r a d i a t i v e  energy 
wi th in  an u l t r a s o n i c  wavelength. Order-of-magnitude arguments descr ibed  i n  
t h i s  r epor t  have shown t h a t  t h e s e  anomalous absorp t ions  cannot be a t t r i b u t e d  
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t o  thermal r a d i a t i o n .  These arguments were v e r i f i e d  by c a l c u l a t i n g  t h e  r ad ia ­
t i v e  induced absorp t ion ,  Clrad, i n  n i t rogen  us ing  approximate r a d i a t i v e  emis­
s i o n  c o e f f i c i e n t s .  For a p r e s s u r e  of 1 atmosphere t h e  va lue  of  Clrad was 
smaller than  aclass by 5 o rde r s  of magnitude a t  6,OOOO K, by 3 orders  of  
magnitude a t  10,OOOo K ,  and by 1 orde r  of magnitude a t  20,000° K .  From t h e s e  
c a l c u l a t i o n s  and a cursory  examination of  t h e  r a d i a t i v e  p r o p e r t i e s  of  o t h e r  
gases ,  it is  concluded t h a t  t h e  u l t r a s o n i c  absorp t ion  technique i s  no t  capable 
of measuring s p e c t r a l  i n t e n s i t i e s  of atmospheric gases below temperatures  of  
25,0000 K .  

The only remaining phenomena which can account f o r  t h e  d i f f e r e n c e  between 
t h e  measured and c l a s s i c a l  va lues  of  t h e  u l t r a s o n i c  absorp t ion  are t h e  re laxa­
t i o n  phenomena. An examination of  t he  energ ies  and r e l a x a t i o n  times a s soc i ­
a t e d  with t h e  phenomena showed t h a t  t h e  only p o s s i b l e  source  of  t h e  anomalous 
u l t r a s o n i c  absorp t ion  i n  argon i s  i o n i z a t i o n  r e l a x a t i o n .  Calcu la t ions  showed 
t h a t  "ion is  10 times l a r g e r  than  aclass a t  t h e  temperature  where ion iza­
t i o n  e f f e c t s  are a t  a maximum. The c a l c u l a t e d  values  of t h e  t o t a l  absorp t ion ,  
ctclass + a ion ,  compare favorably  with t h e  measured absorp t ion .  From t h i s ,  it 
is  concluded t h a t  i o n i z a t i o n  r e l a x a t i o n  may be t h e  cause of anomalous absorp­
t i o n  i n  argon, although a p o s i t i v e  i d e n t i f i c a t i o n  i s  no t  p o s s i b l e  because of 
t h e  l a r g e  s c a t t e r  i n  t h e  experimental  d a t a .  I t  i s  a l s o  concluded t h a t  t he  
u l t r a s o n i c  absorp t ion  technique may be a use fu l  means of accu ra t e ly  measuring 
the  predominant i o n i z a t i o n  r a t e  cons tan t  of argon. 

The same type  of c a l c u l a t i o n  f o r  n i t rogen  showed t h a t  t h e  va lue  of "ion 
i s  twice as l a rge  as t h e  va lue  of  "class a t  t h e  temperature  where i o n i z a t i o n  
e f f e c t s  a r e  a t  a maximum. How,:ver, i o n i z a t i o n  r e l a x a t i o n  cannot account f o r  
t h e  l a rge  anomalous absorp t ion  a t  lower temperatures (6,000°-12,0000 K a t  a 
pressure  of 1 atmosphere) where i o n i z a t i o n  e f f e c t s  d i sappea r .  An examination 
of  t h e  energ ies  and r e l a x a t i o n  t imes a s soc ia t ed  with o t h e r  r e l a x a t i o n  phenom­
ena showed t h a t  t h e  anomalous absorp t ion  i n  t h i s  reg ion  i s  poss ib ly  caused by 
c o l l i s i o n a l  e x c i t a t i o n  of n i t rogen  atoms and ions .  Ca lcu la t ions  showed t h a t  
t h e  corresponding e x c i t a t i o n  time i s  cons i s t en t  with t h e  c o l l i s i o n  frequency. 
However, it would r e q u i r e  a f a i r l y  high c o l l i s i o n a l  e f f i c i e n c y  - roughly 
1 t r a n s i t i o n  out of  every 7 s u f f i c i e n t l y  e n e r g e t i c  c o l l i s i o n s .  Whether t h i s  
number i s  reasonable  cannot be checked a t  t h e  p r e s e n t  t i m e ,  because t h e  
e x c i t a t i o n  c ross  s e c t i o n s  have not  been c a l c u l a t e d  o r  measured. I t  may be 
poss ib l e  t o  cor robora te  t h e  dominance of c o l l i s i o n a l  e x c i t a t i o n  by measuring 
absorpt ion i n  atomic oxygen. The advantage of t h e  measurement i n  oxygen is  
the  much wider temperature  range where t h e  p a r t i c l e s  are  i n  t h e  atomic form. 

I t  i s  obvious from t h e  above remarks t h a t  with one except ion ,  no genera l ­
i z a t i o n s  can be  made on t h e  usefu lness  of  t h e  u l t r a s o n i c  absorp t ion  technique 
f o r  measuring t r a n s p o r t  p r o p e r t i e s  and r e l a x a t i o n  phenomena. The only excep­
t i o n  i s  t h a t  it cannot be used t o  measure s p e c t r a l  i n t e n s i t i e s  o f  atmospheric 
gases .  The fact  t h a t  t h e  technique accu ra t e ly  measures c e r t a i n  high tempera­
t u r e  p r o p e r t i e s  f o r  one gas does not  n e c e s s a r i l y  mean t h a t  it w i l l  measure 
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t h e  same p r o p e r t i e s  f o r  another  gas .  An o r d e r  of  magnitude c a l c u l a t i o n  must 
be  made p r i o r  t o  t h e  measurements t o  determine which p r o p e r t i e s  can be  
measured f o r  a given gas .  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e l d ,  C a l i f . ,  94035, Nov. 22, 1967 
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